Bioremediation of modelled petroleum-contaminated soils of the Niger Delta and the impact of zeolite augmentation by Williams ,Joseph
    
	   	  
 
 
Bioremediation of modelled petroleum-contaminated soils 
of the Niger Delta and the impact of zeolite augmentation 
 
 
Williams Joseph BSc. (Hons), MSc. 
 
A thesis submitted in partial fulfilment of the requirements of the 
University of Wolverhampton for the degree of Master of Philosophy. 
 
April 2014 
 
This work or any part of thereof has not previously been presented in any form to the 
University or to any other body whether for the purpose of assessment, publication or for any 
other purpose (unless previously indicated). Save for any express acknowledgement, 
reference and / or bibliographies cited in the work, I confirm that the intellectual content of 
the work is the result of own efforts and of no other person. 
 
The right of Williams Joseph to be identified as author of this work is asserted in accordance 
with ss.77 and 78 of the Copyright, Designs and Patents Act 1988, at this date copyright is 
owned by the author. 
 
 
Signature:………………………………………………………………………………………. 
Date:…………………………………………………………………………………………….. 
  I  
	   	  
ABSTRACT 
 
The bioremediation of modelled petroleum oil-contaminated soils of the Niger Delta by a 
mixed culture of three hydrocarbon-degrading bacteria, Acinetobacter sp, Rhodococcus sp 
and Pseudomonas sp, was investigated. These bacterial strains were selected based on criteria 
that they were able to utilize hydrocarbons (hexadecane and sodium benzoate) as the sole 
source of carbon and energy and were able to show significant growth in crude oil at an 
optimum temperature of 30oC. For maximal bacterial growth and degradation effective 
aeration and agitation was required, thus the choice of the shake flask method over the 
bioscreen growth analyzer for this investigation. The influence of hexadecane concentrations 
(0.5%, 1.0% and 2.0%) on the bacterial isolates was investigated and it revealed that the 
Rhodococcus sp because	  of its different metabolic pathway showed a more rapid growth on 
hexadecane concentrations as compared Pseudomonas sp and Acinetobacter sp. Amongst the 
bacterial isolates, Pseudomonas sp exhibited a more rapid growth on 0.5% sodium benzoate 
while the two others showed minimal growth.	   Pseudomonas sp Rhodococcus sp and 
Acinetobacter sp showed a synergistic association when grown on basal salt medium 
supplemented with 1.0% w/v petroleum crude oil.  
 The influences of a zeolite (clinoptilolite), soil structure and particle size on biodegradation 
of crude oil in modelled silt-clay and sandy soil of Niger Delta was investigated. Soils from 
the Hilton site, East-Shropshire, United Kingdom were used for the Niger Delta soils 
formulation. Geochemical properties of the soil samples from the x-ray fluorescence showed 
major elements are sodium, magnesium, aluminum, potassium, iron with silicon having high 
percentage, while x-ray diffraction analysis revealed minerals such as quartz, kaolinite, illite 
and smectite, which are similar to those of the Niger Delta. 
The preliminary investigation showed a more rapid and greater extent of apparent oil removal 
with the addition of both bacterial consortium and clinoptilolite on soil amendment 
experiments at 30oC for a period of 30 days. There was 79% oil removal by the bacterial 
consortium in the soil amended with clinoptilolite as compared to 67% in the case of the 
amended soils without clinoptilolite. Although the addition of both bacterial consortium and 
clinoptilolite enhanced the removal of the crude oil, however the effect of clinoptilolite may 
be one of abiotic removal. The soil structure investigation without clinoptilolite augmentation 
showed that oil removal in the silt-clay soil was significantly greater than that of the sandy 
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soil after 30 days period (p< 0.0001). There was 72.7% ± 0.8% oil removal by the bacterial 
consortium in the silt-clay soil as compared to 55.6% ± 0.7% in the case of the sandy soil. 
However, there was 79.1% ± 0.4% oil removal by the bacterial consortium in the silt-clay soil 
amended with clinoptilolite as compared to 67.3% ± 0.8% in the case of the amended sandy 
soils with clinoptilolite. Gas chromatographic profile showed appreciable reductions in 
hydrocarbon, the rate of which depended upon the particular hydrocarbon. Quantitative 
analysis of residual oil extract from the silt-clay and sandy soil amended with and without 
zeolite showed a high rate of degradation for lighter hydrocarbon components (C10– C18) 
compared to the heavier ones (C24 – C28) by the bacterial consortium. Hydrocarbon 
components (C10– C18) from both silty-clay and sandy soils amended with zeolite were 
degraded by the bacterial consortium to 92.1% - 57.7% and 74% - 43.7% respectively, while 
the soils without zeolite showed degradation rate of 80.4% - 44.8% (silt-clay) and 69.4% - 
42.8% (sandy). Hydrocarbon components (C24– C28) from both soils showed an apparent low 
rate of degradation. The results of this study indicate that the application of the bacterial 
consortium and clinoptilolite lead to greater rates of biodegradation in the clay soil then in the 
sandy soil.  Studies showed that nutrient addition and aeration both affected the rate of 
hydrocarbon utilization. The postulated application of selected bacteria in the 
bioaugumentation of oil contaminated environment in the Niger Delta region was discussed. 
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CHAPTER 1 
INTRODUCTION & LITERATURE REVIEW 
 
1.1 INTRODUCTION 
Oil pollution is considered a global concern to both humans and the environment. In England 
and Wales alone, 12% of all serious contamination incidents in 2007 were hydrocarbon 
related (Environment, 2005). In the United States of America, more than 1,200 petroleum-
hydrocarbon contaminated sites have been remediated, and about additional 32,000 sites were 
reported with potential contamination problems (Liu et al., 2008).  
In Nigeria, there is an average of 300 oil spills every year. Environmentalists consider the 
Niger Delta region of the country as one of the world’s most polluted regions (Sojinu et al., 
2010). Most of the terrestrial oil spills in this region occur in areas with difficult terrain, 
which hinders in situ biodegradation studies. When research is conducted, outcomes are 
delayed after accidental spills because owners of land devastated by the spills must be 
remunerated before studies are allowed on such sites. Therefore, data generated from such 
studies cannot be reliably used to immediately explain the impact of oil spills in Nigeria (Ijah 
and Antai, 2003). In addition, the Niger Delta region does not have effective regulatory laws 
and cannot afford the advance techno-centric approach to pollution problems. This concern 
influenced the need to research and to develop an effective but affordable bioremediation 
strategy to assist in solving oil pollution concern using commonly available microbial cultures 
and zeolite.  
1.2 Bioremediation of hydrocarbon 
The clean up of soil and the environment of petroleum hydrocarbon contaminant has 
remained a high priority (ASTM, 1995). The conventional remediation practice is to excavate 
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contaminated soil and place in a landfill site for natural attenuation. Biostimulation and 
bioaugmentation are the two major approaches to bioremediation (Korda et al., 1997).  These 
approaches are also considered to enhance microbial activity in oil-contaminated piles 
(Rahman et al., 2000; El Fantroussi and Agathos 2005). Consortia of several bacteria have 
been reported to show an improved degradation of complex oil hydrocarbon as compared with 
single strains of bacteria (Rahman et al., 1995). 
Megharaj et al. (2011) reported that many intensive chemical substances are used in the built 
environment, e.g. petroleum oil, aliphatic and aromatic hydrocarbons, polycyclic aromatic 
hydrocarbons (PAHs), BTEX (benzene, toluene, ethylbenzene and xylenes), pesticides, 
organic solvents and heavy metals all contribute to environmental pollution. Bioaugmentation 
technology has mostly been used for the degradation of pure compounds. Mineralization of a 
large concentration of the hydrocarbon phenanthrene has been reported (Schwartz and Scow, 
2001).  
MacNaughton et al. (1999) used molecular ecological approaches to analyze bacterial 
populations that occur in petroleum-contaminated marine environments and observed that 
proteobacteria appeared in the denaturing gradient gel electrophoresis (DGGE) fingerprints 
obtained for oiled plots but not in those for un-oiled plots. Biostimulation increase the 
indigenous concentration of microorganisms and speed up the biodegradation rates by 
improving nutrients and the bioavailability of the contaminants (Si-Zhong et al., 2009). The 
commonly used technique is to introduce inorganic nutrients or oleophilic fertilizers onto the 
site (Allard and Neilson, 1997).  
1.3 Bioremediation strategies  
Bioremediation strategies are classified as in situ or ex situ (Aggarwal et al., 1990).  
Bioremediation processes are employed and effective in the treatment of diesel oil 
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contaminated soil in temperate climates (Ghazali et al., 2004; Riffaldi et al., 2006). The rate 
at which hydrocarbons are remediated differs between the in situ and ex situ bioremediation 
methods (Jorgensen, 2007) 
1.3.1. In situ bioremediation processes 
In situ bioremediation has been effective for the treatment of groundwater contaminated with 
mixtures of chlorinated solvents such as trichloroethylene, pentachlorophenol, carbon 
tetrachloride (Dyer et al., 2003; Klecka et al., 1998,); contaminants such as fuel and gasoline 
(Curtis and Lammey, 1998; Bhupathiraju et al., 2002), oil wastes (Guerin, 2000) and coal tar 
contaminated sites (Durant et al., 1997). This process involves treating the contaminant at the 
site of the contamination (Aggarwal et al., 1990) and is divided into bioattenuation, 
biostimulation and bioaugmentation. In situ bioremediation can be also considered as natural 
and engineered bioremediation (Farhadian et al., 2008) 
1.3.1.1 Natural bioremediation  
Kao and Prosser, (2001) reported that the main method of monoaromatic degradation is 
natural bioremediation and that 90% of BTEX removal by this approach can be attributed to 
intrinsic biodegradation processes. Natural attenuation is often limited by nutrient availability 
and the concentration of the electron acceptor (Hunkeler et al., 2002). It is more cost effective 
than engineered condition (Andreoni and Gianfreda, 2007) and removes or decreases the 
concentration of organic pollutants from many contaminated sites (Roanling and Verseveld, 
2002). There have been conflicting conclusions for the effectiveness of bioaugmentation and 
biostimulation; Van Hamme et al. (2003) concluded that addition of a commercial microbial 
culture to contaminated soil was not more advantageous than adding nutrients, but a recent 
study by Liu et al. (2008) reported contrary results, where biostimulation produced a more 
significant biodegradation rate. Natural attenuation proved to be more effective than 
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biostimulation and the number of diesel-degrading organism and the heterotrophic population 
was not influenced by the treatment (Bento et al., 2005). Some investigations of BTEX 
removal from contaminated site through natural in situ bioremediation are summarised in 
Table 1.1. 
Table 1.1: Published studies of investigation of BTEX removal from contaminated site 
via natural in situ bioremediation 
Contaminant Electron acceptor (s) Result (s) Reference  
Benzene Sulphate  Benzene degradation occurred in sulphate-
reducing condition, data showed an effective 
natural attenuation results and benzene was 
remediated with sulphate as electron acceptor.  
Vogt et al., 2007 
BTEX and 
PAH (Tar oil) 
Nitrate, ferric, 
sulphate, 
methanogenic and 
oxygen aerobic 
condition 
 BTEX and PAH were degraded; benzene and 
phenanthrene were degraded in the presence 
of Fe (III). The microcosm investigated 
utilized ethylbenzene and naphthalene under 
sulphate and Fe (III) reducing environment. 
Schulze and 
Tiehm, 2004 
BTEX 
(Petroleum) 
Fe(III) and 
methanogenic 
condition 
Results from the contaminated site with 
petroleum hydrocarbon shows that toluene 
and xylenes were degraded under 
methanogenic condition while benzene and 
ethylbenzene grew as Fe (III) supplies 
decreased. 
Reinhard et al., 
2005 
BTEX 
(Petroleum) 
Aerobic condition Results reviewed that approximately 88% of 
the BTEX removal was as a result of natural 
biodegradation processes. 87% of the total 
benzene, toluene, ethylbenzene and xylene 
(BTEX) isomers removal was observed via 
natural attenuation. 
Kao and Prosser, 
2001  
BTEX 
(gasoline) 
Aerobic and 
methanogenic 
condition 
Assimilation potential of dissolved oxygen, 
ferrous iron and methane distributions when 
compared to BTEX concentrations reviewed 
ground water ability to degrade all dissolved 
BTEX 
Kampbell et al., 
1996 
1.3.1.2 Engineering bioremediation  
Engineering bioremediation involves a process where bioremediation performance is 
enhanced artificially. Aerobic in situ bioremediation of contaminant is sometimes limited by 
the dissolved oxygen tension. Methods such as air sparging, injection of oxygen-releasing 
compounds, e.g. hydrogen peroxide, and trapped gas phases have been used to increase 
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dissolved oxygen concentration (Landmeyer and Bradly, 2003; Yang et al., 2005). Some 
results of monoaromatic removal from contaminated site through enhanced in situ 
bioremediation are summarised in Table 1.2. 
Table 1.2: Published studies of monoaromatic removal from contaminated site through 
enhanced in situ bioremediation 
Contaminant Electron acceptor (s) Result (s) Reference  
Benzene 
(petroleum) 
Sulphate and Fe(III) 
anaerobic 
Results reviewed that addition of sulphate can 
be an effective strategy for enhancing 
anaerobic benzene removal. 
Addition of sulphate (in a short term 
incubation: less 2weeks) slightly stimulated 
benzene degradation and caused a small 
decreased in the ratio of methane to 
CO2production from benzene. While addition 
of sulphate (in a long term incubation: more 
than 100 days) significantly stimulated 
benzene degradation with complete shift of 
CO2 at the end product of benzene 
degradation. 
Weiner et al., 
1998 
BTEX     
gasoline 
sulphate            
anaerobic  
Injection of sulphate increased the rate of 
biodegradation of BTEX. 
Sublette et al., 
2006 
BTEX 
petroleum 
Nitrate             
anaerobic 
Nitrate addition resulted in loss of BTEX after 
initial lag phase 9days. Benzene losses were 
not observed over the 60 days period. 
Schreiber and 
Bahr, 2002 
BTEX 
gasoline 
Oxygen Oxygen enhanced zone was able to 
biodegrade benzene and ethyl benzene which 
were relatively resistant to natural attenuation. 
Gibson et al., 
1998 
BTEX 
petroleum 
Nitrate and sulphate 
anaerobic condition  
BTEX removal was increased after injection 
of nitrate and sulphate as compared to natural 
attenuation. Degradation of total xylenes 
appears linked to sulphate utilization. 
Cunningham et 
al., 2001 
Benzene 
(petroleum) 
Fe (III) anaerobic  Benzene and toluene were biodegraded when 
chelated Fe (III) was used as the terminal 
electron acceptor. 
Caldwell et al., 
1999 
 
1.3.2. Ex situ bioremediation processes 
Ex situ bioremediation is the process whereby organic pollutants are removed and treated 
elsewhere from the polluted site (Aggarwal et al., 1990). Ex situ treatments include land 
farming, compositing, bioslurry and biopiling (Rhykerd et al., 1999). Soil biological 
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activities: microbial counts, soil respiration, soil biomass and enzymes activities can be used 
to ascertain the extent of bioremediation process of oil contaminated soil (Margesin et al., 
2000).  Diplock et al., (2009) suggested that meeting a bioremediation end point could be 
used to evaluate and predict the bioremediation of a contaminate. The biochemical potential 
for contaminates to reach a target level is used to define the end point of the remediation 
process (Bundy et al., 2004). However, Joergensen at al., (1995) disagreed that it is not 
sufficient enough to only make use of the remaining hydrocarbon content in the soil to access 
the results of biological decontamination because not all minerals are completely mineralized 
to carbon dioxide during biodegradation. Quantification of the total culturable degrader 
population; an evaluation of hydrocarbon bioavailability and a measure of constraints to 
biodegradation are key parameters to predict the likely performance of a bioremediation 
strategy Paton et al. (2005). Lin et al. (2010) used a bioprocess of bioaugmentation and 
biostimulation with a molecular monitoring microarray biochip integrated with land farming 
operation to effectively degrade approximately 70% and 63% of diesel oil and fuel oil 
respectively after a period of 28 days. The bioslurry assays yielded a total petroleum 
hydrocarbon (TPH) reduction efficiency of 57% and 65% in 28 days respectively Frutosa et 
al. (2012). Radwan et al. (2002) employed the technique of immobilizing oil degrading 
bacteria nocardioforms and Acinetobacter in biofilms coating macroalgae to remediate n-
octadecane and phenanthrene while Kermanshahi et al. (2005) used immobilized microbial 
cell airlift bioreactor for aerobic bioremediation of simulated diesel fuel contaminated 
groundwater .Gargouri et al. (2011) used a continuously stirred tank bioreactor (CSTR) to 
optimize feasible and reliable bioprocess system to treat hydrocarbon-rich industrial 
wastewaters. The use of the mixed cultures in the studies demonstrated high degradation 
performance for hydrocarbons range n-alkanes (C10–C35). At 225 days, it was observed that 
the residual TPH decreased from 320 mgTPH l−1 to 8 mgTPH l−1. 
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1.4 Distribution of petroleum hydrocarbon utilising microorganism 
Hydrocarbon degrading microorganisms are widely distributed in freshwater, marine and the 
soil environment, as summarised in Table 1.3.  Cyanobacteria have also been associated with 
the degrading hydrocarbon (Chailana et al., 2004; Lliros et al., 2003). Pseudomonas spp has 
been involved in bioremediation of phenolic compounds; theses include Pseudomonas 
aeruginosa, Pseudomonas fluorescence. Microbial communities in contaminated soils are 
dominated by strains of bacterial that can survive toxicity and use the contaminant for growth 
(Zucchi et al., 2003). A study has revealed the high potency of Pseudomonas strains in 
bioremediation of petrochemical waste-waters (Ojumu et al., 2004). Typical groups of 
bacterial known for their ability to degrade hydrocarbon include: Micrococcus, Pseudomonas, 
Alcanivorax, Microbulbifer, Cellulomonas. Hexadecane was degraded by Pseudomonas 
putida, Rhodococcus erthroplolis and Bacillus thermoleoovorans (Ahmed Abdul-Megeed et 
al., 2010).  
Table 1.3: Published studies of hydrocarbon utilizing microorganisms 
Microorganisms Hydrocarbon Reference 
Methylococcus, Methylomonas 
Methylosinus and Methylocella 
C1 –C8 alkanes alkenes and 
cycloalkanes 
McDonald et al. (2006) 
Pseudomonas, Burkholderia 
Rhodococcus and Mycobacterium 
C5 –C16 alkanes, fatty acids, alkyl 
benzenes and cycloalkanes 
Jan et al. (2003) 
Candida maltose, Candida 
tropicalis and Yarrowia lipolytica 
C10 –C16 alkanes, fatty acids Iida et al. (2000) 
Acinetobacter, Caulobacter and 
Mycobacterium 
C5 –C16 alkanes, cycloalkane Van Beilen et al.(2006) 
Acinetobacter C10 –C30 alkanes Maeng et al. (1996) 
Rhodococcus sp. Pyrene, fluoranthene Grosser, et al. (1991) 
Xanthamonas sp. Pyrene, benzo(a)pyrene Grosser, et al.(1991) 
Arthrobacter sp. Fluorene Casellas et al. (1997) 
Bacillus cereus Pyrene Kazunga et al. (2000) 
Rhodococcus erythropolis Alkylated  dibenzothiophene Folsom et al. (1999) 
Rhodococcus sp. Napthalene Walter et al. (1991) 
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1.5. Mechanism employed for hydrocarbons degradation 
The most complete and effective degradation of the majority of the hydrocarbon and related 
contaminants is brought about under aerobic conditions. Figure 1.1 shows the main principle 
of aerobic degradation of hydrocarbon. The activation and incorporation of oxygen is the 
enzymatic key reaction catalyzed by oxygenases and peroxidises. The starting intercellular 
attack of organic contaminants is an oxidative process. Peripheral degradation pathways 
convert organic contaminants step by step into intermediates of the central intermediary 
metabolism, for instance the tricarboxylic acid cycle. Biosynthesis of cell biomass occurs 
from the central precursor metabolites, for instance acetyl-CoA, succinate and pyruvate. 
Sugars required for various biosyntheses and growths are synthesized by gluconeogenesis 
(Fritsche and Hofrichter, 2000).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1: Main principle of aerobic degradation of hydrocarbons by microorganism 
(Source: Das and Chandran (2010), Biotechnology Research International) 
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1.5.1. Uptake of petroleum hydrocarbons by biosurfactant 
Mulligan, (2005) described biosurfactants as surfactants that are produced extracellularly or 
as part of the cell membrane by bacteria, yeasts and fungi.  Biosurfactants has a toxicity, 
biodegradability and effectiveness in enhancing biodegradation and solubilization of low 
solubility compounds. Nikolopoulou and Kalogerakis (2009) further explained that 
biosurfactants increase the oil surface area and that amount of oil is actually available for 
bacteria to utilize it. Some other biosurfactants of interest are shown in the Table 1.4. Some 
particular type of biosufactant (e.g. glycolipid) can be produced by different bacteria (e.g.	  
Aeromonas spp and	   Bacillus spp) and some bacteria genus can produce more than one 
biosufactant (e.g. Acinetobacter spp,	  Bacillus spp).  
Table 1.4: Published studies of different biosurfactants produced by hydrocarbon degraders  
Microorganisms Biosurfactants Reference 
Pseudomonas aeruginosa Rhamnolipids Kumar et al., 2008 
Candida bombicola Sophorolipids Daverey and Pakshirajan, 2009 
 
Pseudomonas fluorescens Rhamnolipids Mahmound et al., 2008 
Bacillus subtilis Surfactin Youssef et al., 2007; Mulligan, 2004 
Aeromonas spp Glycolipid Ilori et al., 2005 
Bacillus spp Glycolipid Tabatabaee et al., 2005 
Acinetobacter radioresistens Alasan Toren et al., 2001;  
Navon-Venezia et al., 1998 
Acinetobacter calcoaceticus Alasan Taylor and Juni, 1961 
Acinetobacter spp Emulsans Taylor and Juni, 1961 
 
Mulligan et al. (2004) carried out a feasibility study of using biodegradable surfactant- 
surfactin from Bacillus subtilis to remove heavy metals from contaminated soil and sediment. 
Considerable research has been conducted on rhamnolipid biosurfactant produces by various 
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pseudomonas aeruginosa strains able to selectively complexing cationic metal species such as 
Pb, Cd and Zn (Herman et al., 1995). P.aeruginosa ATCC9027 produced 5mM solution of 
rhamnolipid, which was found to complex 92% of cadmium, a complexation of 22 µg/mg 
rhamnolipid (Tan et al., 1994). They were used to improve the bioavailability of crude oil, 
diesel, or PAHs (Bordoloi and Konwar, 2008; Providenti et al., 1995). Chen et al. (2013) 
observed that rhamnolipids enhanced oil degradation efficiency by 5.6% and had a different 
impact on the degradation of different petroleum hydrocarbon.  
The biosurfactant, rhamnolipid produced by Pseudomonas aeruginosa utilizes hydrocarbon 
and organic contaminant and the process involved in the hydrocarbon utilization is illustrated 
in Figure 1.2. 
 
 
 
 
 
 
 
 
 
Figure 1.2: show how rhamnolipid a biosurfactant produced by Pseudomonas sp utilizes hydrocarbons 
(Source: Das and Chandran (2010), Biotechnology Research International) 
Other mechanisms involved are attachment of microbial cells to the substrates and production 
of biosurfactants. The uptake mechanism linked to the attachment of cell to oil droplet is 
stillunknown but production of biosurfactants has been researched on (Das and Chandran, 
2010).  
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1.6 The Niger Delta region and oil spills. 
The Niger Delta region is situated around the tributaries of the Niger River into the Southern 
Atlantic Ocean and the core south-south of Nigeria (see figure 1.3). The region is made up of 
wetlands, creeks and small islands.	  Its ecological zone is made up of a coastal barrier sandy 
ridge, mangrove swamp, freshwater swamp, and lowland rainforest. The people’s 
predominant occupation in the region is agriculture and fishing (Francis et al., 2011). 
 The Niger Delta region is where oil production takes place is considered as one of the major 
oil-exploring region of the world (Sojinu et al., 2010). Since discovery of the first oil well in 
the region at Oloibiri in 1956 by Shell-British Petroleum, oil exploration has led to the 
releases of various pollutants including trace elements and poly aromatic hydrocarbon into the 
environment (see figure 1.3). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3 shows an oil spill on farmland in Ikot Ada Udo village, Niger Delta, Nigeria.  
(Source: Okop, I.J and Ekpo, S.C, (2012) World Congress on Engineering) 
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1.6.1 Soil types in the Niger Delta region of Nigeria 
This region is underlined by different superficial soil deposit ranging from the organic mostly 
peaty marine mud or chicoco in the tidal flat or saline mangrove swamp to the active or 
montmorillonitic silty clay of the freshwater back swamps deltaic lateritic soils of the dry 
flatland or plains (Leton and Omotosho, 2004). The soil texture in region varied widely from 
sandy to predominantly silty loam, and sandy clay loam with a mixed clayey/silty loam 
texture (Effiong and Ayolagha ,2010) and are relatively acidic (Ayotamuno et al., 2006). 
Akpokodje (1987) explained that the superficial soil of the Niger Delta is classified into four 
major groups as shown in Table 1.5: a) Reddish brown sandy clay loam soil of low medium 
plasticity – (RBSCL-1), b) Brown sandy clay of medium plasticity – (BSC-2), c) Light grey, 
slightly organic, fine sand and silty clay – (LGFSC-3) and d) dark, organic/peaty clay of high 
extremely high plasticity – (DOPC-4). 
Table 1.5 Textural classifications of the major soil groups in the Niger Delta region 
                     SOIL TEXTURE AND PARTICLE SIZES, % SOIL 
TYPES Gravels, 
> 2 mm 
Coarse to 
medium sand, 
125 µm – 2 mm 
Fine sand, 
63 -125 µm 
Silt, 
2 - 63 µm 
Clay, 
< 2µm 
Soil 
classification 
RBSCL - 1 0 - 4 42 - 77 17 - 30 1 - 3 15 – 26 Sandy loam, 
sandy clay 
loam 
BSC - 2 0 21 - 51 15 - 17 5 - 16 26 – 56 Sandy clay 
loam, sandy 
clay 
LGFSC - 3 0 0 - 8 7 - 23 17 - 22 44 - 61 Clay 
DOPC - 4 0 0 - 2 0 - 2 2 - 21 47 - 66 Clay 
(Source: Akpokodje, E.G. (1987) Journal of Engineering Geology, pp. 201) 
Olorunfemi (1987) investigated the mineralogical composition of the Niger Delta surface 
sediments from localities as represented in Table 1.6. This was a statistical representative of 
soil from the region.  
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Table 1.6: The mineralogical composition of the soil samples from the Niger Delta region 
of Nigeria 
                                PERCENTAGE OF MINERALS IN THE REGION SAMPLING   
AREAS 
WITHIN 
THE 
REGION 
Kaolinite 
 
Quartz 
 
Smectite Illite 
 
Gibbsite 
 
Allophane  
 
Mica 
 
Abasmol 18 64 5 - 8 5 - 
Umakroske 
soil port 
Harcourt  
20 75 5 - - - - 
Owerri sand 
quality 
5 95 - - - - - 
Calabar 40 55 - - - - 5 
Eggamin 
Ndele 
10 82 8 -- - - - 
Oboburuchy 25 55 5 15 - - 5 
(Source: Olorunfemi, B.N. (1984) Journal of African Earth Sciences) 
The findings from the studies review that the major minerals found in the region are quartz 
and kaolinite with some proportions of smeetite, goethite and gibbsite. The central delta is 
essentially quartz – kaolinite zone while the eastern delta has the highest concentration of 
highly aluminous smectite. Kaolinite has been shown to increase the rate of oil breakdown by 
bacterial digestion based on the report of Chaerum and Tazaki (2005). Studies have shown 
that clay and clay minerals are used in environmental protection and remediation (Murray, 
2000; Churchman et al., 2006). Colloidal sized clays are used to aid dispersion in 
hydrocarbon-polluted environment (Meyer and Quinn, 1973; Owen and Lee, 2003). This 
finding is key in formulating the soil composition for this research investigation.  
1.7 Zeolite properties 
Gottardi and Galli, (1985) described zeolite as tectosilicates with three-dimensional alumino-
silicates structure containing water molecules, alkali and alkaline earth metals in their 
structural framework. High specific areas and high cation exchange are important properties 
used to characterize zeolite (Breck, 1974). Virkutyte et al. (2002) describes zeolite as 
crystalline aluminium-silicates, with group I or II elements as counter ions. Structurally, 
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zeolite has a framework consisting of (SiO4)4- and (AlO4)5- tetrahedral linked to each other at 
a corner sharing oxygen. Zeolite has very high ion exchange, adsorbing, catalytic, capacities 
for molecular sieving. It is negatively charged (anionic) as such can be used to remove cations 
from aqueous solution. Amongst the different zeolites, clinoptilolite is the most abundant 
natural zeolite in the world (Wang and Peng, 2010). Natural zeolites in the past decades have 
been reported to have several applications such as adsorption, building industry, catalysis, 
energy, and agriculture and soil remediation. Clinoptilolite have been used to remove cationic 
radioactive species (137Cs, 90Sr) from nuclear plant wastewaters and contaminated 
groundwater’s (Gunter and Zanetti, 2000; Cantrell et al., 1994). 
1.7.1 Zeolite and soil remediation 
In recent years, natural zeolite and its modified forms have been reported to used for the 
removal of anions and organic from waste water systems (Wang and Peng, 2010). Little to no 
information has been reported with regards the combined influence of bacteria and zeolite in 
remediating the soil environment of contaminated crude oil, which this research work will be 
investigating. Soil remediation is based on two approaches: extraction/removal of heavy 
metals from the matrix by electrokinetic and/or washing processes or reduction of metal 
mobility with in situ techniques such as phytoremediation (Virkutyte et al., 2002).  
Researchers have argued that remediation of soils was majorly affected by the cation 
exchange capacity rather than the pH value. However some scientists consider pH value as the 
main factor through the smart leaching design (Wang and Peng, 2010).  
1.7.2: Adsorption and diffusion properties of hydrocarbons in zeolite 
Zeolite has been used as a catalyst and an adsorbent in many chemical and petroleum 
processes (Breck, 1975).  An understanding of molecules adsorption and diffusion within the 
pores of zeolites is key in utilizing them for the design of new application materials (Ruthven, 
1984; Chen et al., 1994).  Studies have suggested that zeolite can be used in trapping 
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hydrocarbon (Yang and Kung, 1994).  However, there are some suggestions that whilst the 
heavy exhaust hydrocarbons, e.g. aromatics, are adequately trapped by zeolites, the light 
hydrocarbon components of the exhaust often desorbs from the hydrocarbon trap before the 
catalytic process at high temperature (Czapleweski et al., 2002). 
Song et al. (2007) investigated the adsorption and diffusion behaviour of hydrocarbons: C1-C6 
alkanes, C5-C8 cyclic hydrocarbon – benzene, toluene, p-xylene, ethylbenzene; in siilicalite-1, 
theta-1 and AlPO4-5 using gravimetric balances, computer simulation calculations and the 
frequency-response (FR) technique respectively. They established that the adsorption of 
cyclic hydrocarbons in silicalite-1 reviewed anomalous adsorption properties while all the C1-
C6 n-alkane molecules present simple type-1 isotherms in both silicalite-1 and theta-1 zeolite. 
Lemic et al., 2007 also carried out a competitive adsorption study of polycyclic aromatic 
hydrocarbons organo-zeolites to determine sorbent-sorbate interaction. They observed that at 
a concentration of 20 µg/dm3, benz(a)anthracene had an adsorption index of 100%.  
Extensive studies have been conducted using adsorbents such as granular activated carbon to 
bind PAHs and remove contaminants from water.  Clays and zeolites have also shown 
effective adsorbents for a number of organic contaminants.  Zeolites that occur as millimetre 
or greater sized particles exhibit superior hydraulic characteristics and are free of shrink-swell 
quality that is associated with clay (Song et al., 2007). 
Carmody et al. (2007) used organo-clays synthesised by ion exchange in three surfactants: 
C21H46BrN, C22H48BrN and methyl ammonium chloride to test for hydrocarbon (diesel, 
hydraulic oil and engine oil) adsorption. They concluded that hydrocarbon sorption capacity 
of the organo-clays depended upon the material and surfactants used in the organo-clay 
synthesis. They further explained that greater adsorption with organo-clays is obtained if the 
surfactant contained two or more hydrocarbon chains. Sharmasarker at al. (2000) earlier 
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demonstrated how organo-clays could be used to contain environmental pollutants from waste 
site and accidental spills. The study showed that organo-clays with smaller cations had greater 
hydrocarbon retention. Wefer-Roehl and Czurda (1997) established that organo-clays were 
useful for the adsorption of both aliphatic and aromatic hydrocarbon. Benzene, toluene and 
ethyl benzene were absorbed using hectorites (Jaynes and Vance, 1996). 
1.8 Factors affecting bioremediation processes 
There are numbers of limiting factors that have been known to affect the biodegradation of 
petroleum hydrocarbon. Theses include:  
1.8.1 Effect of temperature on bioremediation 
Temperature controls the bioavailability of low-solubility hydrocarbon, nature and the extent 
of microbial metabolism (Margesin and Schinner, 2001). Small increase of temperature (2 ºC) 
has a significant impact on alkane degradation (Delille et al., 2004). In soil environment, the 
highest degradation rates generally occur in the range of 30-40 ºC while in some freshwater 
environments is 20-30 ºC and in marine environment is 15-20 ºC (Okoh, 2006).  Bacteria in 
the soil have an optimum temperature ranging from 25 – 45 ºC (Nester et al., 2001). High 
temperature enhances hydrocarbon degradation rates and biostimulants effect (Perfumo et al., 
2007). Increased temperature results in a decrease of viscosity, higher solubility and faster 
diffusion of hydrophobic contaminants and enhances the rate biodegradation. (Sorkhoh et al., 
1992).  
Si-Zhong et al. (2009) reported that ambient temperature influences the physico-chemical 
composition of oil, rates of hydrocarbon degradation and the composition of the microbial 
communities. Wang et al. (2001) added that while optimizing the conditions for hydrocarbon 
metabolism showed how temperature is vital and influence the rate of biodegradation. The 
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optimum temperature for biodegradation is usually 15-30 ºC for aerobic processes and 25-35 
ºC for anaerobic processes (Si-Zhong et al., 2009). 
Antizar-Ladislao et al. (2004) reported that temperature had a significant influence in the 
removal of PAH, with a removal percentage rate of 60.8% at 38 ºC after a period of six 
weeks. Antizar-Ladislao et al. (2006) further investigated the influence of different 
programmes on the bioremediation of PAH and found out that using thermophilic (70 ºC) 
bacteria at the end of in-vessel compositing processes resulted in greater PAH removal than 
using other variable temperature profiles when the temperature increase is applied stepwise. 
1.8.2 Microbial effects to bioremediation processes 
The potential to degrade and utilize oil hydrocarbons has been observed in a number of 
bacteria, fungi and yeast, e.g. Candida, Saccharomyces, some cyanbacteria e.g.    
Oscillatoria, Anabaena Phormidium, Scenedesmus and green algae, e.g. Chlorela, 
Microcoleus, Ulva. Bacteria are mostly used during soil bioremediation because they are 
distinguished by high frequency, fast growth and a wide spectrum of the utilized petroleum 
products (Wolicka et al., 2009). Methylomicrobium sp has the potential of oxidizing 
halogenated hydrocarbon (Margesin and Schinner, 1999). 
Sorkhoh et al. (1992) investigated 38 samples obtained from the oil-contaminated sites in 
Kuwait and found out that all the 368 isolates were from the genus Bacillus and the 
predominant species were Bacillus stearothermophilic. Two strains degraded about 80-89% 
of the crude oil (5 gl-1) within 5 days at their optimum growth temperature of 60 ºC. The 
microbial activity of Photobacterium phosphoreum T3 increased remarkably while 
hydrocarbon degradation in contaminated soil was enhanced as a result of stimulation of 
microbial population size and activity from high rate of organic amendment (Liu et al. 2009). 
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Philips and Atlas (2005) reported that a number of researchers have postulated that the ability 
of inoculums to degrade recalcitrant compound is relatively depended on the size of the 
inoculums. For contaminated soils the numbers of inoculums have been highly variable. Ijah 
and Antai (2003) earlier observed that the counts of hydrocarbon degraders in oil polluted soil 
to be 103 cfu/g. Microbial communities in a contaminated soils is dominated by strains of 
bacteria that can survive toxicity and are able to make use of the contaminants for growth. As 
a response to bioremediation treatment, these populations may begin to actively degrade the 
pollutants and detoxify the soil, allowing other starving populations to increase their numbers, 
leading to an increase of bacterial community in the soils (Zucchi et al., 2003). 
1.8.3 Soils influence on microbial degradation of hydrocarbon 
The soil environment is the most dynamic site of interactions in nature (Scherr et al., 2007). 
Microbial community carries out the majority of decomposition processes in the soil and are 
irreplaceable in the transformation and degradation of synthetic organic compound and 
natural waste material Obire et al. (2001). Scherr et al. (2007) observed that freshly spiked 
silty soil showed higher degradation of about 51% as compared to sandy soil with 25% 
degradation when recently contaminated with hydrocarbon. It was further explained that 
degradation occurred in fine soil fraction with a high content of organic matter. Soil is a 
mixture of mineral and organic materials and is an effective adsorbent for PAHs (Harayama, 
1997). Soil permeability and pore and fractures in the rock are critical factors controlling the 
movement of water from the surface into the underlying layers (Atlas et al., 2005)  
The permeability of soil to air and water is a function of soil texture. Fine-textured soils like 
clays have low permeability, which prevents biovented oxygen and nutrients from dispersing 
throughout the soil. Fine textured soils are slow to drain from water-saturated soil condition, 
thus preventing oxygen from reaching soil microbes throughout the contaminated area 
(USEPA, 2006). 
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Clay minerals increase the rate of bacteria growth and influence hydrocarbon degradation 
(Van Loosdrecht et al., 1990; Chaerun and Tazaki, 2005). Stotzky and Rem (1966) suggested 
that smecties buffering ability and their potential to adsorb proton released during the 
breakdown of hydrocarbon helps to maintain optimal pH conditions and sustain bacterial 
growth. Kaolinite has been shown to influence oil breakdown by bacterial digestion (Chaerun 
and Tazaki, 2005). Soils with sandy texture and low organic carbon are known for poor 
microbial proliferation and diversity brings about lower degradation rates as compared to clay 
loam and loam (Talley et al., 2002; Hejazi et al., 2004). The low amount of degraders in the 
sand fraction of contaminated soils is mutually related to a higher carbon/nitrogen ratio and 
lower internal surface (Amellal et al., 2001).   In as much as the soil microbial community 
benefits from high levels of soil organic matter in its size, diversity and ability to recover from 
environmental and contamination stresses; the soil organic matter is found to be inversely 
proportional to degradation rates (Trindade et al., 2005). 
1.8.4  Influence of oxygen availability and transport on bioremediation 
Oxygen is a key component to bioremediation processes and its delivery is crucial to the 
success or failure of bioremediation processes. Water saturation of soil pores slows oxygen 
transport to very low levels. Soil contaminated with 10 m3 of hydrocarbon would require 
about 2 x 106 m3 of water saturated at 10 mg/litre O2 for effective biodegradation (Atlas and 
Philip, 2005). In soils the oxygen content depends on the microbial activity, soil texture, water 
content and soil depth. Mineralization of hydrocarbon from soil was severally limited when 
the oxygen content was below 10% (Vasudevan and Rajaram, 2001).   
Devinny and Islander (1998) observed that oxygen diffusion limits the performance of land 
treatment units only in cases of high respiratory activity. The importance of oxygen comes 
from the participation of oxygenases and molecular oxygen involved in the major degradation 
pathways for the hydrocarbons. Theory suggests that the mass of oxygen necessary to 
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remediate the hydrocarbon load is about 0.3 g oxygen for each gram of oil oxidized (Atlas and 
Bartha, 1973). The supply of oxygen is a common constraint to the bioremediation in frozen 
ground because oxygen is scare and the diffusion of oxygen is partly or fully blocked. (Si-
Zhong et al., 2009). 
Lin et al. (2012) used an oxygen–releasing bead (ORB) and oxygen –releasing immobilized 
cell bead (ORICB) investigate oxygen effect on degradation of BTEX contaminated 
groundwater in a column and reported that the encapsulated-ORBs had much higher oxygen-
releasing capacity and a longer effective oxygen releasing period than the mixed-ORBs and 
the BTEX removal rates increased as flow distance and the increased in the influent BTEX 
concentrations altered the indigenous microbial communities. 
1.8.5 Hydrocarbon concentration impact on bioremediation processes 
Petroleum biodegradation is highly dependent on environment conditions and on the chemical 
structure of the pollutant compounds (Swannell et al., 1996; Aldrett et al., 1997). The rates of 
degradation and the quality of oil eliminated also depend on the type and amount of oil 
present at the contaminant site. (Del Arco and de Franca, 2000). A number of authors have 
carried out studies on contaminated soils with initial oil concentrations between 0.7 g/kg and 
75.0 g/kg (Wang and Bartha, 1990; Geerdinket et al., 1996;). De Jonge et al. (1997) cited 4 
g/kg as a boundary value between low and high levels of the referred parameter. Del Panno et 
al. (2005) reported that there were qualitative and quantitative changes of microbial 
communities in soil microcosm during bioremediation when soil were contaminated with 
1.0%, 2.5%, 5% and 10% (wt/wt) of petroleum sludge containing PAHs and monitored for a 
year period. The changes in the community structure of soil depended on the amount of added 
sludge and the predominant species in the sludge community could not be detected at the end 
of the investigation. 
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Soil contamination as a result of PAHs is sometimes associated with the presence of high 
levels of potentially toxic metals (Allieri et al., 2005). A wide range of metal concentrations 
e.g. zinc, cadmium, chromium (III and VI), nickel, mercury and lead has inhibited organic 
biodegradation. The least concentration of cadmium (Cd) reported to reduce biodegradation 
of PAHs ranged from between 0.002 and 1 mg/L (Springael et al., 1993; Sandrin et al., 2000) 
in terms of free Cd species. Maslin and Maier (2000) observed a 5-day increase in lag period 
for phenanthrene degradation in the presence of 1 and 2 mg available Cd/L and complete 
inhibition at 3 mg available Cd/L. Sayara et al. (2010) reported that the degradation rates of a 
contaminant increased with the increase in the PAHs concentration. However, Jorgensen at al. 
(2000) did not fully agreed with this as the microbial activity could be affected or inhibited 
when high concentration of contaminant is available as affecting the rate of degradation. 
1.8.6 Effects of nutrient on biodegradation 
Lieberg and Cutright (1999) used a respirometer to determine the effect of adding macro and 
or micronutrients for enhancing the bioremediation of PAHs in contaminated soils. They 
reported that the optimal oxygen consumption resulted when a low level of macronutrients 
and a high level of micronutrients were used with phosphorus as the dominant macronutrient 
and the bioactivity of the foreign consortium was the greatest when a high level of 
micronutrients was used. Kwok and Loh (2002) used the nutrients - ammonium nitrate, 
KH2PO4, phenyl phosphate to enhance biodegradation of phenanthrene by Pseudomonas 
putida in six synthetic Singapore soil and reported that that increasing KH2PO4 increased the 
biodegradation rate of phenanthrene across all soil types, indicating that phosphorus was 
limiting. Biostimulation by nutrient application is an effective technology for restoring oil-
contaminated beaches. Nutrient concentrations sufficient for maximum growth of 
hydrocarbon degrading microorganisms are very small 2.0 – 10.0 mg/L (Li et al., 2007). The 
nutrient level of a soil directly impacts microbial activity and biodegradation. (Si-Zhong et 
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al., 2009). Inorganic nutrients are not just necessary for microbial activity but for cell growth. 
Nitrogen can increase cell growth rate, decrease the microbial lag phase, help to maintain 
microbial population at high activity levels and increase the rate of hydrocarbon degradation. 
Excessive amount of nitrogen in soil cause microbial inhibition as such maintaining nitrogen 
level below 1800 mg N/kg H2O for optimal biodegradation of petroleum hydrocarbon 
(Walworth et al., 2005).  
1.9 Aims of this thesis 
The research is aimed at developing an effective bioremediation strategy for petroleum 
hydrocarbon that is cheap, easily managed and applicable for warm climate. Detailed 
objectives are to: 
1. Isolate and screened bacteria from culture collections and study hydrocarbon 
degradation rates in warm climates. 
2. Evaluate the success of bioagumentation for high temperature and study the impact of 
variation in temperature and hydrocarbon concentration on the growth and survival of 
bacteria.  
3. Assess the effects of different types of soil (clayey and sandy) on the biodegradation 
rates of hydrocarbons and to evaluate the effectiveness of addition of zeolites on 
bioremediation. 
4. Recommend a bioremediation strategy for hydrocarbons that is cheap, easily managed 
and applicable for warm climates. 
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CHAPTER 2 
 
GENERAL METHODS AND MATERIALS 
 
 
2.1 Preparation of basal salt medium (BSM) 
The BSM was prepared by first preparing separate stock solutions of the following chemicals: 
50 g/250 ml K2HPO4, 50 g/ 250 ml KH2PO4, 50 g/ 250 ml KNO3, 50 g/ 250 ml (NH4)2SO4,  50 
g/ 250 ml NaCl, 50 g/ 250 ml MgSO4.7H2O. These concentrations were prepared by using the 
recipe of Karamalidis et al., 2010, as follows and adopting K2HPO4 as an example; 50 grams 
of K2HPO4 was weighed separately using a weighing balance into a 250 ml beaker and 100 
ml distilled water was added. The solution was stirred using a magnetic stirrer to ensure the 
compound was completely dissolved. The solution was then poured into a 250 ml volumetric 
flask with the aid of a funnel and made up to the 250 ml mark of the volumetric flasks with 
distilled water, thus producing a stock solution 50 g/ 250 ml. The same procedure was 
repeated in the preparation of the remaining chemicals.  
 
Stock solution of the trace elements: 2 g/ 50 ml CaCl2, 2 g/ 50 ml CuSO4.5H2O, 2 g/ 50 ml 
MgSO4.5H2O, 2 g/ 50 ml ZnSO4.5H2O, 2 g/ 50 ml (NH4)6Mo7O24.4H2O and 2 g/ 50 ml FeSO4 
were make adopting the recipe of Karamalidis et al., 2010. The composition of trace element 
solution was prepared by transferring 50 µm of the each of the trace elements stock solution 
by pipette into 1-litre volumetric flask and made up to the designated mark with distilled 
waters. Finally, 10 ml each of BSM stock solution chemical prepared were individually 
transferred into 1litre volumetric flask using a pipette except for MgSO4.7H2O and NaCl 
which 1 ml each were transferred. Then 10 ml of the trace elements mixture was added into 
the 1 litre volumetric flask and made up to the designated mark with distilled water.  The 
BSM final solution consisted of 1.0 g/l K2HPO4, 1.0 g/l KH2PO4, 1.0 g/l KNO3, 1.0 g/l 
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(NH4)2SO4, 0.1 g/l NaCl, 1.0 g/l MgSO4.7H2O, 2 mg/l CaCl2, 2 mg/l CuSO4.5H2O, 2 mg/l 
MgSO4.5H2O, 2 mg/l ZnSO4.5H2O, 2 mg/l (NH4)6MO7O24.4H2O and 2 mg/l FeSO4.  
 
2.2 Preparation of bacterial cultures 
The freezed dried ampoules of bacteria isolates from UWCC were cultured on trytone soy 
agar (TSA), 0.1% hexadecane agar (HA) and 0.1% sodium benzoate (SB) agar plates. These 
were incubated at 30 oC for 48 h (TSA plates) and for 96 h (for hexadecane and sodium 
benzoate agar plates). Isolated bacteria colonies were subsequently transferred into fresh 
plates of TSA, 0.1% HA and 0.1% SB cultured for 30 oC and at the period earlier described 
and stored in the refrigerator at 4 oC for further usage. 
 
2.3 Identification of bacteria isolates 
The following tests describe were used to verify the identity of the screened and selected 
bacteria for hydrocarbon degradation.  
2.3.1 Gram stain 
Heat fixed deposit of suspended bacterial cells in saline solution were flooded with crystal 
violet for 1 minute followed by Grams iodine for another 1 minute. The slide was drained 
with acetone and safarin was poured on the slide for 30 sec, after which the slide was rinsed 
with distilled water at each step. The slide was finally air-dried and examined under oil 
immersion objective.  
2.3.2 Biochemical analysis 
The following tests were used to verify the identity of the four selected bacteria isolates 
screened for hydrocarbon degradation. 
1. Motility test 
The wet mount procedure was used to determine the bacteria motility. A pipette was used to 
introduce 20 µl of the bacteria culture onto a clean scratch free glass slide. Then a clean cover 
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slip was carefully placed over the drop avoiding bubbles formation. The slide was examined 
first under 4 X magnification followed by 40 X and 100 X magnifications and motility 
determined by observation. 
2. Oxidase test 
One drop of oxidase reagent was pipetted onto a piece of filter paper. The cells of bacteria 
were then smeared across the surface of the impregnated filter paper with the aid of a glass 
rod and an instant development of a dark purple colour indicated a positive reaction.         
3. Catalase test 
One drop of 10% hydrogen peroxide (Sigma) was dropped on a slide then a loopful of 
bacteria introduced, an immediate effervescence indicated a positive result.   The enzyme 
catalase protects bacteria from the toxic oxygen derivative hydrogen peroxide, which is 
produced by aerobic metabolism within the bacterial cell. The bacterial cells react directly 
with hydrogen peroxide and then observing the evolution of O2 gas. 
 
Table 2.1 Identification of selected bacteria isolates	  
Selected hydrocarbon degraders  
Pseudomonas 
aeruginosa 
Rhodococcus sp Acinetobacter sp Bacillus sp 
Motility + - - + 
Gram reaction - + - - 
Oxidase + + - + 
Catalase + + + - 
Shapes Rods Short rods Rods like Coccus 
  + = Positive; - = negative 
2.4 Bioscreen growth analyzer (BGA) 
Growths of bacterial cultures were determined using the Thermo Labsystems Bioscreen C as 
described: 
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1     Preparation of standard inoculums 
Individual bacterial was grown on BSM with a hydrocarbon (e.g. hexadecane) for 18 h at 30 
°C in an orbit shaker at 150 rpm. Bacteria cells was harvested by centrifugation, rinsed three 
times in sterile saline before being re-suspended in 5 ml sterile liquid basal medium (BM) to 
yield an absorbance reading of 0.5 at 540 nm and the cell count was determined using the 
methodology of Ghazali et al., (2007) 
2.     Preparations of BSM + hydrocarbon solution  
Specific volumes each of BSM (see Appendix I Table 2) were measured into separate 
medical bottles, properly labeled and autoclaved at 121 oC for 20 minutes. After the 
autoclaving, specific volumes of hydrocarbon was measured and sonicated into the BSM 
Solution, producing a final solution (BSM + hydrocarbon) volume each of 9.98 ml. The 
equivalent volume of bacteria inoculum required to obtained concentration of hydrocarbon in 
the solution of BSM and hydrocarbon was prepared (see Appendix I- Table I.2).  
3. Filling of bioscreen inoculum well.  
280 µl of the BSM + hydrocarbon solution prepared was first introduced into the well of the 
bioscreen plate (see Appendix I- Table I.3) using the micropipette then the bioscreen was set 
up and adjusted to a wavelength of 540 nm. Readings were taken after every 1 h at a 
temperature of 30 ºC. Then 20 µl of the inoculum was aseptically pipetted into the wells in a 
Microflow biological safety cabinet before transferring the well into the bioscreen. The 
experiment ran for 5 days. 
3. Bacterial growth rate determination. 
The growth rate and mean generation time of the bacteria isolates on the hydrocarbon 
supplemented in BSM were determined from the data generated and calculated as shown in 
(see Appendix I- Calculation I.1 and Calculation I.2) for a sample. 
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CHAPTER 3 
SCREENING OF BACTERIA FOR GROWTH ON PETROLEUM 
HYDROCARBON AND EFFECT OF HYDROCARBON 
CONCENTRATIONS ON BACTERIA GROWTH 
 
3.1 INTRODUCTION 
A total of twenty-one (21) bacterial isolates from the University of Wolverhampton Culture 
Collection (UWCC) were screened for hydrocarbon degradation using the plate method (see 
Appendix I- Table I.1). Some of these bacteria were isolated from petroleum hydrocarbon 
sites and some were known hydrocarbon degraders. Temperature was the main parameter 
used to screen these bacteria. The choice of temperature (range 25-50 oC) was to establish the 
optimum temperature for the bacterial growth and survival on hydrocarbons. Hexadecane and 
sodium benzoate were the two hydrocarbons used for screening the bacterial isolates before 
further screening for petroleum crude oil. The choice of these hydrocarbons was because of 
their simple nature and to provide examples of straight alkanes and aromatics as carbon 
sources for growth, which will enhance the next phase of the research investigation.  
 
The bacterial isolates (Pseudomonas aeruginosa, Bacillus sp, Acinetobacter sp and 
Rhodococcus sp) were selected from the twenty-one (21) screened isolates because of their 
optimum growth and survival at high temperature range.  The selected bacteria were then 
evaluated for growth and survival at varying hexadecane concentrations (0.5-2.0%) and 
sodium benzoate (0.5%) using the bioscreen growth analyzer method. The shake flask method 
was subsequently used for the bacterial growth on the hydrocarbons and on petroleum crude 
oil because in adequate aeration and agitation experienced with the bioscreen growth 
analyzer. Three (03) bacterial isolates (Pseudomonas aeruginosa, Acinetobacter sp and 
Rhodococcus sp) were finally selected based on their individual level of growth on basal salt 
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media (BSM) supplemented with 1.0% petroleum crude oil and as a mixed culture for 
subsequent bioremediation studies. The aim of this aspect of research was to screen 
appropriate bacteria that could be used for subsequent bioremediation studies involving 
bioaugumentation of oil-contaminated soil in a warm environment. 
 
3.2 METHODS 
3.2.1. Collection of stock cultures  
 Bacterial stock cultures were obtained from the UWCC (Appendix I- Table I.1) and 
prepared as described (Section 2.2). However, the bacterial identities were then reconfirmed 
using methods described in (Section 2.3). 
3.2.2 Preparation of basal salt medium agar (BSMA) with hydrocarbon 
The BSM used was prepared as described in (Section 2.1). The hydrocarbon used for the 
investigation was supplied by: Fisher chemical (hexadecane), Sigma (Sodium benzoate) and 
Petroleum crude oil obtained from a Swansea Petroleum Depot, UK.  
3.2.2.1 Preparation of BSMA 
4.5 grams of Agar No 2 was weighted into a 500 ml Medical bottle and was homogenized 
with 300 ml BSM solution. The solution was then autoclaved at 121oC for 20 minutes. The 
molten BSMA was kept in the incubator at 50 oC until required. 
3.2.2.2 Preparation of basal salt medium agar + hexadecane  
 Homogenized mixture BSMA (20 ml) was poured into a 50 ml Erlenmeyer flask covered and 
wrapped around with an aluminum foil paper while the remaining mixture (480 ml) was 
autoclaved in the medical bottle. All were autoclaved at 121 oC for 20 minutes. 0.5 ml of 
hexadecane was aseptically poured into the beaker containing 20 ml sterile molten BSM agar. 
The beaker was then held in place in the chamber of a sonicator (Bandelin Sonoplus, Model 
2200) via a restraining cable and snap lever on the clamp stand. The flat-tip (VS70T) of the 
sonicator probe was thoroughly cleaned using ethanol before being inserted to a depth of 
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about 10 mm of the mixture. The sonicator was then continuously operated for 5 minutes to 
create an emulsion. The sonicated mixture of sterile BSM agar with hexadecane were then 
aseptically poured into the autoclaved BSM agar in the medical bottle and thoroughly mixed. 
The molten mixture was then aseptically poured into sterile Petri dishes and left to harden.  
3.2.2.3 Preparing basal salt medium agar + sodium benzoate 
Sodium benzoate 5% (w/v) was prepared in 50 ml sterile BSM and sterilized by membrane 
filtration (0.45 µm). The filtrate was of the sterile sodium benzoate was added to 450 ml of 
BSMA at 50 oC, mixed by gentle inversion and plates immediately poured. 
3.2.3 Screening bacterial isolates for hydrocarbon degradability.  
Bacteria were screened for petroleum hydrocarbon degradation at temperatures range of 25-50 
oC of hydrocarbon concentrations of 0.1%, 0.5%, 1.0% and 2.0%. These were carried out via 
culturing of the bacterial isolates on hydrocarbon containing BSMA and TSA plates.  The 
plates were incubated in the incubators at average temperature of 24 ± 1oC, 30 ±1oC, 37 ± 1oC 
and 50 ± 1oC for a period up to 7 days. 
3.2.3.1 Determination of bacterial growth on hydrocarbon media 
The batch culture in shake flakes was used for the bacterial growth experiments. Samples 
were taken aseptically at 0, 48, 96, 144 and 192 h and the Miles and Misra technique was used 
to determine the colony forming units /ml (CFU/ml) in triplicates. Serial tenfold dilution from 
10-1 to 10-8 was performed by dispensing 0.5 ml of sample in 4.5 ml of sterile 1/4th strength 
ringer solution. 20 µl of each dilution was dispensed onto TSA and hydrocarbon (hexadecane, 
sodium benzoate and crude oil) plates under aseptic conditions. The TSA plates were then 
incubated at 30°C for 24hrs whilst other plates were incubated for up to 144 h.  
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3.2.4 Determination of bacteria growth dynamics at different concentrations of 
hydrocarbon using the bioscreen growth analyzer (BGA) 
 
The growth dynamics of the screened bacterial isolates were determined using a bioscreen  
growth analyzer as described in (Chapter 2: Section 2.4.2). Hexadecane concentrations of 
0.5%, 1.0%, 1.5% and 2.0 % (w/v) and Sodium benzoate 0.5% (w/v) in BSM media were 
utilized in culturing screened bacteria.  
 
3.2.5 Determination of bacterial growth in the presence of crude petroleum 
hydrocarbons: shake flask method (SFM) 
 
The method of Das and Mukherjee (2007) was employed to determine the bacterial growth. 
Replicate batch bacterial culture were grown in 250 ml Erlenmeyer flasks containing sterile 
100 ml mineral salts supplemented with crude petroleum hydrocarbon at a final concentration 
of 1.0% (v/v). Inoculation was performed at 30°C ± 1°C and at a pH of 7 with 250 rpm rotary 
shaking. Un-inoculated flasks and flasks without petroleum hydrocarbons served as control. 
The bacterial growth on petroleum hydrocarbons was assessed by measuring the bacterial cell 
population and gravimetric measurement of extracted residual crude oil remaining in the 
culture medium post the period of inoculation. 
3.2.6 Determination of hydrocarbon biodegradability using a bioreactor 
A bioreactor system was constructed which composed of a reservoir medium, magnetic 
stirrer-heater, and an air pump. The mode of operation of the system was continuous one 
while the magnetic stirrer heater kept the temperature of the medium reservoir constant at 
30°C. The air pressure was left at a constant rate and the medium pump pressure was also 
kept at a constant flow rate. The set-up, which comprise of the flask, medium in reservoir 
bottle and tubing were sterilized by autoclaving at 121°C for 15 minutes. The hydrocarbon 
(hexadecane and crude oil) was aseptically added to the medium. The air out tube was 
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connected to an air-filter and tubing was placed in ethanol to prevent the spread any 
pathogenic bacteria. 
i. Extraction of residual crude oil from the bioreactor set-up 
Koma et al., 2001 procedure was adopted for the extraction procedure. The chloroform –
methanol (3:1) extraction method was used to extract the residual crude oil. Samples were 
aseptically obtained from the culture after every 48 h and centrifuged for 30 minutes at 5 500 
rpm before extracting the aqueous crude oil suspension. The centrifuged samples were 
collected and the corresponding ratio of chloroform-methanol was added. The standard ratio 
was at 30 ml of chloroform-methanol to 100 ml of sample. The separation was carried out in a 
separating funnel and the extract was analyzed using gas chromatography (GC). 
ii. Hydrocarbon analysis using gas chromatography. 
 The hydrocarbon in the mixture was extracted as described (section 3.2.5-i). The GC 
(Thermo Finnigan, Trace) fitted with a flame ionization detector and capillary column type 
Rtx-5MS (30 x 0.25 mm). The GC was run on auto-sampling method and alkanes were 
detected by using a standard 0.1% Cyclohexane. The initial oven temperature was held at 
50°C for 2 minutes while the injector and detector temperature were maintained at 270°C. 
The oven was programmed to rise from 50°C to 270°C at 10°C / min increment and held at 
270°C for 15 mines. The injector was run on Split less Split less (SS) mode while 1 µl of the 
sample taken from the vial bottom was analyzed. Hydrogen flow was maintained at 35 
ml/min, airflow at 350 ml/min, and makeup gas nitrogen at 30 ml/min while the carrier gas 
used was helium.  
A standard calibration graph was plotted using the peak area obtained from gas 
chromatography (GC) of the hexadecane concentration in the range 0.025 – 2.0g /100ml 
analysis. The line of best fit was used to determine unknown concentrations of hexadecane. 
The increase in peak area was directly proportional to the concentration of hexadecane.  
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Figure 3.1 Hexadecane calibration graph using GC analysis. Note- peak area (mV*min) 
 
3.3 RESULT: 
3:3.1 Bacteria identification and screening for hydrocarbon degradation  
The aim of this investigation was to screen the different bacterial isolates from University of 
Wolverhampton Culture Collection (UWCC) for hydrocarbon degradation at different 
temperatures and to identify the range and optimal temperature for the growth of these 
hydrocarbon degraders, which will be utilize in soil bioremediation investigation. 
The agar plate method was used to screen a total of 21 bacterial isolates (See Appendix: 
Table I.1) for growth in the temperature range 25-50ºC using the general purpose medium 
TSA and BSMA plates (0.1%) with hexadecane and sodium benzoate as the hydrocarbon 
source. Amongst which three bacterial isolates (See Table 3.1) were selected as a result of 
their heavy growth level on the BSMA hydrocarbon plates and were further screened using 
the shake flask method. 
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Temperature was observed to influence the growth of the three bacteria selected on the 
hydrocarbon agar plates. Pseudomonas aeruginosa at 25ºC showed positive growth on both 
hexadecane and sodium benzoate, optimal growth was observed at 30ºC while no growth was 
obvious at 40ºC and 50ºC. Acinetobacter sp and Rhodococcus sp both exhibited a similar 
growth pattern except that at 37ºC, were Pseudomonas aeruginosa showed a heavy growth 
while they both showed positive growth on hexadecane but in the case of sodium benzoate 
they exhibited light growth at 37ºC while Pseudomonas aeruginosa showed a positive 
growth. The most suitable temperature selected based the three bacterial growth was 30ºC. 
This temperature (30ºC) was the incubation temperature employed for further investigation 
Table 3.1 Selected screened bacteria for hydrocarbon degradation at varying temperatures. 
(+++) growth in clumps, (++) heavy growth, (+) positive growth, (+/-) light growth and (-) negative growth. TSA 
represent trypton soya agar, HEX stands for hexadecane and SB stands for sodium benzoate. Media was 
incubated in shake flasks for period of 48 h (for the TSA) and 144 h (for HEX and SB agar plates). 
 
3:3.2 Effect of hydrocarbon concentrations on the growth of bacteria  
The aim of this experiment was to assess the effect of different hydrocarbon concentrations on 
the growth of bacteria and establish the most effective concentration for the screened 
hydrocarbon degraders. 
3.3.2.1: Effect of hexadecane concentrations on the growth of Pseudomonas aeruginosa 
using the bioscreen growth analyzer (BGA). 
 
The growth dynamics of P. aeruginosa (Figure 3.2) were established by OD540nm 
measurement using the BGA whereby BSM mineral media was supplemented with different 
concentration (0.5%, 1.0% and 2.0%) of hexadecane as the carbon source. Most growth of 
cells on the different concentrations of hexadecane was demonstrated within the first 24 h 
25ºC 30ºC 37ºC 40ºC 50ºC Bacteria isolate 
TSA HEX SB TSA HEX SB TSA HEX SB TSA HEX SB TSA HEX SB 
Rhodococcus 
sp 
++	   + + +++	   +++ + ++	   + +/- +/-	   -	   -	   -	   -	   -	  
Pseudomonas 
aeruginosa 
++	   + + +++	   +++ ++ ++	   ++ + +/-	   -	   -	   -	   -	   -	  
Acinetobacter 
sp 
++	   + + +++	   +++ + ++	   + +/- +/-	   -	   -	   -	   -	   -	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period of incubation and followed by slower period of growth. Increase in the OD is an 
indication of growth of respiring cells, where hydrocarbon (hexadecane) was the sole carbon 
source as such implies the concentration of hexadecane decreased.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 shows a typical graphical representative of the effect of Hexadecane concentrations on the growth of 
bacteria isolate Pseudomonas aeruginosa in BSM media at 30 °C by BGA 
 
 P. aeruginosa showed a lag phase in the different concentration of hexadecane   (Figure 3.2). 
The growth of the bacteria in 0.5% hexadecane concentration had a shorter lag and faster 
growth rate as compared to the 1.0% and 2.0% concentration. There is a difference in terms of 
the effect of the hexadecane concentrations and the mean generation time of the P. aeruginosa 
(P < 0.05).  P. aeruginosa growth profile analysis shows that as the hexadecane concentration 
in the BSM growth media increases the mean generation time of the bacteria increased. The 
prompt stationary phase and subsequent decline in the growth pattern Pseudomonas 
aeruginosa in 0.5% hexadecane in salt media at 72 h of incubation is an indication of 
reduction in the carbon source utilized by the bacteria for energy and growth. However, in the 
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case of P. aeruginosa cells in 1.0% and 2.0% hexadecane in the growth media steady growth 
was still maintained which suggest that there were more carbon sources available in the media 
for the bacteria to make use of for its energy and growth allowing it to achieve a higher yield 
of cells. 
Table 3.2 (a) Growth curve analysis of Pseudomonas aeruginosa isolates lag time, growth rate 
constant and mean generation time with different concentrations of hexadecane at 30 ºC using the 
BGA 
Bacteria 
Isolate 
Hexadecane 
concentration (%) 
Lag time 
(Hours) 
Growth rate 
constant-µ  
(Hours-1) 
Mean 
generation 
(Hours) 
 
Pseudomonas 
aeruginosa 
 
0.5 
1.0 
2.0 
 
 
8.330 ± 0.420 
9.930 ± 0.120 
9.270 ± 0.460 
 
0.042 ± 0.004 
0.036 ± 0.005 
0.034 ± 0.002 
 
15.940 ± 0.762 
19.095 ± 1.035 
20.387 ± 0.763 
Results represent the mean ± standard deviation of growth curve analysis of Pseudomonas aeruginosa on 
different concentration of hexadecane in replicated experiment (n=3)  
 
The controls were set up during the investigation: OD 540nm measurement of only the mineral 
media salt   (BSM), hexadecane and mineral salt media (BSM + HEX) and bacteria culture in 
mineral salt media (Pseudomonas sp + BSM). The OD 540nm readings from the control 
experiments did not show any form of growth in them as shown in (Figure 3.2) confirming 
that the change in OD in the presence of cells and hexadecane was due to bacterial growth. 
 
3.3.2.2: Effect of hexadecane concentrations on the growth of Pseudomonas aeruginosa 
using the shake flask method (SFM). 
 
The shake flask method was further used to establish the effect of concentrations (0.5-2.0%) 
of hexadecane the growth of Pseudomonas aeruginosa and to evaluate whether measured 
aeration might change the growth response to hydrocarbon concentrations. The poor aeration 
experienced while using the bioscreen  growth analyzer influenced the need to use the shake 
flask method. 
 
The starting inoculation size of Pseudomonas aeruginosa at day 0 incubation was 2.0 x 104 
cfu/ml. This increased by two-fold population size at 24 h of inoculation in the media 
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containing different concentrations of hexadecane. The bacterial growth in 0.5% glucose 
BSM media was more than those on the three different hexadecane concentrations. However, 
0.5% hexadecane showed greater level of growth as compared to 1.0% and 2.0% (see figure 
3.3) but with no significant difference in each bacterial growth in the hexadecane BSM media 
which was confirmed further (p>0.0001).  
At 96 h period of incubation, the bacterial cell population increased with 0.5% hexadecane 
still more as compared to the other hexadecane concentrations but subsequently declined at 
144 h. However, in 1.0% and 2.0% hexadecane concentrations, Pseudomonas aeruginosa still 
maintained a steady increase in cell population. At 192 h, the bacterial cell population in 0.5% 
hexadecane had declined to 6.3 x 105 cfu/ml while that 1.0% and 2.0% hexadecane had 
increase to 4.0 x 108 cfu/ml and 4.1x 109 cfu/ml respectively. The bacterial cells population in 
the growth media without any carbon source after 24 h began to steadily decline throughout 
the period of the experiment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3 Total Viable counts of Pseudomonas aeruginosa suspended in BSM supplemented with different 
concentration of hexadecane at 30 °C -the error bar represents SD of replicated experiments (n=3) 
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The growth profile of Pseudomonas aeruginosa using the shake flask method presented in 
Table 3.2 (b) revealed a faster growth rate on the different hexadecane concentrations as 
compared to the bioscreen growth analyzer method. The reason for the estimating the bacteria 
growth rate for the shake flask was because unlike the bioscreen growth analyzer that had the 
bacteria growth monitored at specific lower interval (1 h) presented a more accurate growth 
curve (Figure 3.2), the bacterial growth from the shake flask had a wider interval of bacterial 
growth monitoring making it difficult to calculate the exert growth rate (Figure 3.3). 
 
Table 3.2 (b) Growth curve analysis of Pseudomonas aeruginosa in different concentrations of 
hexadecane at 30 ºC using the shake flask methods 
Results represent the mean ± standard deviation of growth curve analysis of Pseudomonas aeruginosa on 
different concentration of hexadecane in replicated experiment (n=3)  
 
3.3.2.3: Effect of hexadecane concentrations on the growth of Rhodococcus sp using the 
bioscreen growth analyzer (BGA). 
 
The impact of hexadecane concentrations on the growth of Rhodococcus sp in a BSM media 
supplemented with hexadecane concentrations of 0.5%, 1.0% and 2.0% over a period of 120 
hours at 30 °C was investigated. The bacteria showed a lag phase in growth within the first 5 
h of inoculation on three of the hexadecane concentrations but gradually increased there after. 
Most growth of Rhodococcus sp on the different concentrations of hexadecane was 
demonstrated within the 20 h period of incubation. The bacteria showed a similar pattern of 
growth on the different hydrocarbon concentrations without significant difference (p>0.0001). 
However, after 40 h incubation period the growth of   Rhodococcus sp on 0.5% hexadecane 
mineral salt media began to decline while those of 1.0% and 2.0% continued to grow. The 
decrease in OD can be attributed to non-availability of hexadecane the sole carbon sources for 
Bacteria Isolate Hexadecane 
concentration (%) 
Growth rate 
constant-µ  
(Hours-1) 
Mean generation 
(Hours) 
 
Pseudomonas 
aeruginosa 
 
0.5 
1.0 
2.0 
 
 
0.085 ± 0.002 
0.063 ± 0.001 
0.052 ± 0.002 
 
08.180 ± 0.772 
11.011 ± 0.312 
13.208 ± 0.513 
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it to utilize for energy and growth. Growth of Rhodococcus sp on 1.0% (w/v) of hexadecane 
showed the highest growth level based on the OD reading of about 0.52 as shown in Figure 
3.4. The growth of the bacteria on 0.5% glucose was slow. The bacteria Rhodococcus sp 
showed a better growth rate in the BSM supplemented with hexadecane as compared with the 
0.5% glucose. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 shows a typical graphical representative of the effect of Hexadecane concentrations (0.5-2.0%) in 
BSM media on the growth of bacteria isolate Rhodococcus sp at 30 °C by BGA 
 
A summary of the growth curve analysis of Rhodococcus sp in terms of lag time, growth rate 
constant and mean generation time on different hexadecane concentration using the bioscreen 
growth analyzer in Table 3.4 (a) shows that there was no significant difference in observed of 
Rhodococcus sp in terms of the lag phase on the different hexadecane concentrations 
(p<0.005). Interestingly, the bacteria exhibited a faster doubling time (09.20 ± 2.77) h in the 
hydrocarbon with the highest concentration (2.0%). The mean generation time for 
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Rhodococcus sp on 0.5 and 1.0% hexadecane was 11.23 ± 0.72 h and 11.02 ± 3.12 h 
respectively. 
Table 3.4 (a) Growth curve analysis of Rhodococcus sp isolates with different concentration 
of hexadecane at 30 ºC bioscreen growth analyzer 
Results represent the mean ± standard deviation of growth curve analysis of Rhodococcus sp on different 
concentration of hexadecane in replicated experiment (n=3) 
 
The exposure of Rhodococcus sp to increasing hexadecane concentration does impact on its 
growth dynamics. As observed in the mean generation time of the bacterial cell Table 3.4(a); 
there is a significant difference in terms of the effect of the hexadecane concentrations on the 
mean generation time of the Rhodococcus sp, proven by the one-way ANOVA statistical 
analysis (P<0.05). It was observed from the growth profile analysis of Rhodococcus sp that as 
the hexadecane concentration in the BSM growth media increased the mean generation time 
of the bacteria decreased.  
 
3.3.2.4: Effect of hexadecane concentrations on the growth of Rhodococcus sp using the 
shake flask method (SFM). 
 
The aim of the experiment is to confirm the effect of hexadecane concentrations on the 
growth of Rhodococcus sp and establish the most suitable concentration for the optimal 
growth of the bacteria in a more oxygenated shake flask system. 
 
Rhodococcus sp showed an increase in growth within the first 24 h of inoculation on 0.5 %, 
1.0% and 2.0% hexadecane concentrations. There was no obvious lag phase experienced 
during this period with the shake flask (see Figure 3.5) as compared with the BGA method 
(see Figure 3.4). However, the growth on 0.5% glucose was slightly lower than those of 
hydrocarbon concentration. At 96 h the bacterial still maintained a steady growth profile 
Bacteria Isolate Hexadecane 
concentration (%) 
Lag time 
(Hours) 
Growth rate 
constant-µ  
(Hours-1) 
Mean 
generation 
(Hours) 
 
Rhodococcus 
spa 
 
 
0.5 
1.0 
2.0 
 
 
3.30 ± 0.44 
3.23 ± 0.45 
3.13 ± 0.29 
 
0.06 ± 0.02 
0.06 ± 0.01 
0.08 ± 0.02 
 
11.23 ± 0.72 
11.02 ± 3.12 
09.20 ± 2.77 
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showing no significant difference (p>0.05) in growth amongst each of the hydrocarbon 
concentration. The growth of the bacteria on 0.5% glucose was still low and significantly less 
than on 0.5% hexadecane concentration, which was also confirmed from the t’ test (p<0.05). 
After 144 h of incubation, Rhodococcus sp gradually began to decline in growth on 0.5% 
hydrocarbon concentration through to the 192 h while those on 1.0 and 2.0% hexadecane 
concentration maintained a steady increase in growth. The decrease in the cell population of 
Rhodococcus sp on 0.5% hexadecane concentration of the growth media after the 144 h of 
incubation indicates decrease in the level of hexadecane. Interestingly, Rhodococcus sp 
growth declined from 24 h of inoculating in to the growth BSM media without carbon source. 
Rhodococcus sp isolates were able to make use of hexadecane as the carbon sources for 
growth and energy irrespective of the starting concentration. 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 Total Viable counts of Rhodococcus sp suspended in BSM supplemented with different concentration 
of hexadecane at 30 °C - the error bar represents SD of replicated experiments (n=3) 
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An estimated summary of the growth rate of Rhodococcus sp on the different hexadecane 
concentrations using the shake flask shown in Table 3.4 (b) revealed that, the bacteria growth 
on 1.0% hexadecane concentration was faster than 0.5% and 2.0%. Rhodococcus sp also 
showed a faster growth rate in all the hexadecane concentrations in the shake flask compared 
to the bioscreen growth analyzer. 
 
Table 3.4 (b) Growth curve analysis of Rhodococcus sp in different concentration of hexadecane at 30 
ºC using the shake flask method 
Results represent the mean ± standard deviation of growth curve analysis of Rhodococcus sp on 
different concentration of hexadecane in replicated experiment (n=3) 
 
3.3.2.5: Effect of hexadecane concentrations on the growth of Acinetobacter sp using the 
shake flask method (SFM). 
 
 
This experiment aimed to determine the impact of different hexadecane concentrations on the 
growth of Acinetobacter sp and establish the most suitable concentration for the optimal 
growth of the bacteria in shake flasks. 
 
The results in (Figure 3.6) showed that Acinetobacter sp exhibited an increase in cell 
population within the first 24 h of incubation without any obvious lag phase. This increase 
occurred with all the hexadecane concentrations in mineral media, which indicated that the 
hydrocarbon was utilized as the carbon source for energy and growth. The bacteria also 
showed higher growth on 0.5% glucose during the 24 h. At 92 h, the bacteria still maintained 
a steady increase growth pattern on all the hexadecane concentrations. At 144h, Acinetobacter 
sp cell population began to decline BSM supplemented with 0.5% hexadecane which 
probably indicated reduction of available carbon source for the bacteria to utilize but still 
Bacteria Isolate Hexadecane 
concentration (%) 
Growth rate constant-µ  
(Hours-1) 
Mean generation 
(Hours) 
 
Rhodococcus 
sp 
 
 
0.5 
1.0 
2.0 
 
 
0.11 ± 0.02 
0.14 ± 0.01 
0.13 ± 0.02 
 
06.53 ± 0.12 
05.11 ± 0.97 
05.54 ± 0.47 
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maintained growth on 1.0 and 2.0% hexadecane concentrations. The bacteria maintained a 
similar growth pattern on 196 h. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 Total Viable counts of Acinetobacter sp suspended in BSM supplemented with different 
concentration of hexadecane at 30 °C - the error bar represents SD of replicated experiments (n=3) 
 
An estimate summary of the growth rate of Acinetobacter sp on the different hexadecane 
concentrations using the shake flask (Table 3.5) showed bacteria growth on the different 
hexadecane concentration.  
Table 3.5 Growth curve analysis of Acinetobacter sp in different concentration of hexadecane at 
30 ºC using the shake flask method 
Results represent the mean ± standard deviation of growth curve analysis of Acinetobacter sp on 
different concentration of hexadecane in replicated experiment (n=3) 
 
Bacteria Isolate Hexadecane 
concentration (%) 
Growth rate 
constant-µ  (Hours-1) 
Mean generation 
(Hours) 
 
Acinetobacter sp  
 
0.5 
1.0 
2.0 
 
 
0.05 ± 0.01 
0.04 ± 0.03 
0.04 ± 0.04 
 
15.03 ± 0.72 
16.22 ± 1.22 
17.90 ± 0.97 
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3.3.2.6: The impact of sodium benzoate (SB) on the growth of Pseudomonas aeruginosa, 
Acinetobacter sp and Rhodococcus sp using the bioscreen growth analyzer. 
 
The aim of this study was to determine the growth of Pseudomonas aeruginosa, 
Acinetobacter sp and Rhodococcus sp on sodium benzoate.  
 
The growth dynamics (Figure 3.7) of Pseudomonas aeruginosa, Acinetobacter sp and 
Rhodococcus sp on 0.5% sodium benzoate were determined by measuring the OD 540nm in the 
bioscreen growth analyzer. The different bacterial isolates showed different growth rate in the 
media with varying lag phases (Table 3.5). Pseudomonas aeruginosa showed a lag phase for 
about 18.67±0.87 h before the sudden lengthy exponential phase that lasted for a period of 29 
h, which was then followed by a stationary phase from the 49 h of incubation.  
 
The Pseudomonas sp was observed to have a growth rate of 0.16 ± 0.03 h-1. Rhodococcus sp 
demonstrated growth level in 0.5% sodium benzoate with a long lag phase of 22.87± 0.98 h. 
The Rhodococcus sp exhibited a growth rate of 0.11± 0.02 h-1 short exponential phase growth 
that lasted for a period of 27 h before the stationary phase of the bacterial growth. 
Acinetobacter sp had a longer lag phase with an exponential phase growth that lasted for 32 h. 
the bacterial showed a growth rate of 0.10±0.03 h-1. The lag phases experienced in the 
different bacterial growth on the 0.5% could be attributed to the period of adaptation to the 
hydrocarbon and because of the poor aeration and agitation experienced in the bioscreen 
growth analyzer. A statistical comparism of the growth rates of the three bacteria on 0.5% 
sodium benzoate showed difference in growth ate 72 h of the investigation.  
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Figure 3.7 shows a typical growth of bacteria isolate Pseudomonas aeruginosa, Acinetobacter sp and 
Rhodococcus sp on 0.5% Sodium benzoate in BSM media at 30 °C by BGA 
 
Table 3.6 Growth curve analysis of Pseudomonas aeruginosa, Acinetobacter sp and Rhodococcus sp on 0.5% 
sodium benzoate in BSM media at 30 °C  
Results represent the mean ± standard deviation of bacterial isolates growth curve analysis on 0.5% sodium benzoate in BSM 
media in replicated experiment (n=3) 
 
 
3.3.3. The growth of bacteria on crude oil using the shake flask method. 
 
The aim of this experiment was to establish the level of growth of Pseudomonas aeruginosa, 
Acinetobacter sp, Rhodococcus sp and an additional bacterial isolate (Bacillus sp) in crude oil 
and determine the extent of the hydrocarbon degradation. Bacillus sp was included in other to 
increase the number of bacterial cultures needed in the next phase of the investigation (soil 
bioremediation). 
The bacterial isolates were pre-exposed to 0.5% crude oil 24 hrs prior to inoculation. The 
results of growth of the bacterial isolates in BSM supplemented with 1.0% petroleum crude 
Bacteria Isolate Lag time (Hours) Growth rate constant-µ  
(Hours-1) 
Mean generation 
(Hours) 
Pseudomonas 
aeruginosa 
18.67 ± 0.87 
 
0.16 ± 0.03 
 
4.24 ± 0.87 
 
Rhodococcus sp 
 
22.87 ± 0.98 0.11± 0.02 6.03 ± 0.91 
Acinetobacter sp 
 
38.04 ± 1.09 0.10± 0.03 6.62 ± 0.45 
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oil determined using the shake flask method are presented in figure 3.8. The growth media 
had a pH of 7.0 and the starting inoculum population of each of the bacteria was determined 
as 1.2 x 105 cfu/ml. All the bacterial strains except for Bacillus sp did not exhibit a lag phase 
during the first 24 h of inoculation. The individual bacteria maintained a slow but steady 
growth rate through to the 72 h period of culture except for the Bacillus sp where the cell 
population declined to 9.4x 103 cfu/ml at 168 h of incubation. However, Pseudomonas 
aeruginosa, Acinetobacter sp, Rhodococcus sp cells at 168 h increased in cell population to 
9.8 x 105 cfu/ml, 8.5 x 105 cfu/ml and 1.3 x 106 cfu/ml respectively. The level of growth 
achieved by these bacteria at the 168 h period of investigation was poor due to the fact that 
the cells had not finished growing. All the bacterial strains except for Bacillus sp utilized the 
crude oil hydrocarbon as sole source of carbon and energy, which is evident from the increase 
in the total viable cell count after a period of 7 days as such, was excluded in the next phase of 
the investigation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8 Shows the growth of Pseudomonas aeruginosa, Bacillus sp, Acinetobacter sp and Rhodococcus sp in 
terms of total viable count on 1.0 % crude oil supplemented in BSM at 30 °C for a period of 7 days- the error bar 
represents SD of replicated experiments (n=3) 
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3.3.4. The growth of bacteria on crude oil using the bioreactor 
The shake flask experiment for growth on the crude oil indicated slow growth and may be due 
inadequate agitation to advere adequate mixing of the crude oil in the BSM. Consequently, a 
bioreactor with mechanical stirer was used to determine the growth of the selected bacterial 
mixed culture on crude oil. 
A mixed culture of the three bacterial isolates (Pseudomonas aeruginosa, Acinetobacter sp, 
Rhodococcus sp) pre-exposed to 0.5% crude oil 24 h prior to inoculation was formulated by 
utilizing equal individual bacterial cell population. The growth profile of the bacterial mixed 
culture was determined by the total viable count and pH (Figure 3.9). The growth media had 
an initial pH of 7.0 and an initial bacterial mixed culture inoculum size of 1.2 x 105 cfu/ml. 
After 24 h period of incubation, the cell population of the mixed culture increased to 2.5 x 106 
cfu/ml. The steady growth continued till the 72 h with a cell population size of 1.0 x 108 
cfu/ml. After 120 h, the bacterial consortium experienced a stationary phase growth rate from 
1.0 x 108 cfu/ml to 1.6 x 108 cfu/ml at the 7th day’s incubation. The pH of the content in the 
bioreactor monitored showed gradual decreases in value to 6.4.  
 
 
 
 
 
 
 
 
 
 
Figure 3.9 Shows the growth of a mixed culture of: Pseudomonas aeruginosa, Acinetobacter sp and 
Rhodococcus sp in BSM supplemented with 1.0 % crude oil supplemented in for a period of 7 days in a 
Bioreactor- the error bar represents SD of replicated experiments (n=3) 
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3.4 DISCUSSION 
The screened hydrocarbon degraders (Table 3.1) from the UWCC at varying temperatures 
showed the influence of temperature on bacterial growth on hydrocarbons Appendix I- Table 
I.1. Temperature controls the bioavailability of low-solubility hydrocarbon and hence the 
nature and the extent of microbial metabolism (Margesin and Schinner, 2001).  The optimal 
temperature for the selected bacteria was 30ºC. Si-Zhong et al. (2009) reported that the 
optimum temperature for biodegradation is usually 15-30 ºC for aerobic processes and 25-35 
ºC for anaerobic processes. The ambient environment in the Niger Delta has a daily mean 
minimum and maximum temperature of 23 oC and 31.5 oC respectively (Ayotamuna et al., 
2006). It implies that these screened bacterial would be able to effectively survive the Niger 
Delta soil environment. 
Amongst the further screening and bacterial growth method used to evaluate bacterial growth 
on hydrocarbon, the bioscreen growth analyzer method was identified to have some 
shortcomings which included: poor agitation of the culture and growth media, poor aeration- 
oxygen distribution in the system, inability to determine the cell count at interval with 
assumption that optical density is totally due to cell numbers and proportionally. The shake 
flask method employed was to resolve these shortcomings identified. Hydrocarbon 
degradation is a highly oxidative process in which molecular oxygen is essential (Sharma and 
Pant, 2001). Therefore for maximal bacterial growth and degradation effective aeration and 
agitation is required, thus the choice of the shake flask method for this experiment. The effect 
of aeration was evident in this investigation from the enhanced rate of growth effected by the 
shake flask culture system. Aeration conditions are considered essential for the growth for 
microbial growth and extensive degradation of crude oil in the environment (Abu and Dike, 
2008) 
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Hydrocarbon concentration plays a significant role in its bioremediation (Del Arco and de 
Franca, 2000). This investigation of the effect of hexadecane concentrations on bacteria has 
revealed significant results with respect to individual bacterial growth. Increase in the 
concentration of hexadecane in the BSM affected a significant influence on the growth rate of 
Pseudomonas sp and was reflected in the lag time of the bacteria cell as shown (Table 3.3). 
The growth rate of Pseudomonas sp using the bioscreen growth analyzer on 0.5, 1.0 and 2.0% 
hexadecane were observed as 0.042±0.004 h-1, 0.036±0.005 h-1 and 0.034±0.002 h-1 
respectively but on the shake flask was estimated as 0.085±0.002 h-1 , 0.063±0.001 h-1 and 
0.052±0.002 h-1 respectively. Noordman et al., 2002 recorded a growth rate of 0.02h-1 for 
Pseudomonas aeruginosa in 0.004-0.3% (v/v) hexadecane using a biosurfactant  
(rhamnolipid). The utilization of rhamnolipid would have enhanced the emulsification of the 
hexadecane which made it readily available for the bacterial utilization un-like in this 
investigation whereby biosufactant was not pre-added to the experimental design. Increase in 
hexadecane concentration in the BSM was observed to increase the doubling time of 
Pseudomonas aeruginosa. The Pseudomonas sp grew more rapid on 0.5% glucose than on the 
higher hydrocarbon concentrations. The rapid growth on the glucose could be attributed the 
simple nature of substrate and its easy conversion by the Pseudomonas sp for growth and 
energy as described in the metabolic pathway (Chapter 1). Barnell and Conway, 1990 
reviewed that the bacterial has genes that are switched on for glucose metabolism.  However, 
the bacteria needed a more complex metabolic pathway to utilize hexadecane for growth e.g. 
for Pseudomonas aeruginosa (Das and Chandran, 2010) while Rhodococcus sp  utilize the 
preformed fatty acids derived from the mono-terminal oxidation of the alkane for the 
triacylglycerol biosynthesis Alvarez et al.,( 2013).  
The growth dynamic of Rhodococcus sp on the different hexadecane concentrations and 0.5% 
glucose carbon sources (see figure 3.4) was completely different from that shown by 
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Pseudomonas sp. Rhodococcus sp showed a more rapid growth on hexadecane concentrations 
as compared to 0.5% glucose. This is in line with the observation of Whyte et al. (1999) who 
examining the physiological adaptation of Rhodococcus sp reported that its cell surface 
hydrophobicity affected it subsequently rate of growth. They found that it was able to 
mineralize alkane faster after growth on diesel fuel or hexadecane than those cells grown on 
glucose-acetate. Rhodococcus sp has been reported to posses the ability to degrade a large 
number of organic compounds including the more recalcitrant ones because it possesses a 
wide and diverse range of catabolic genes that can stand harsh conditions. (Alvarez, 2010). 
Alvarez et al., (2013) further provided an insight into the differences in growth pattern of 
Rhodococcus sp on the carbon source from glucose and hexadecane. They reported that when 
the bacterium is grown on glucose, the substrate has to be degraded to acetyl CoA a precursor 
for fatty acid biosynthesis. In contrast to when cultivation on hexadecane, the bacterial cells 
utilize the preformed fatty acids derived from the mono-terminal oxidation of the alkane for 
the triacylgycerols biosynthesis. The different metabolic pathway helps Rhodococcus to 
conserve metabolic useful energy during catabolism of carbons, thus, a part of the resulting 
energy used for growth and division. The growth rate constant for Rhodococcus sp on 0.5, 1.0 
and 2.0% concentrations of hexadecane using the bioscreen growth analyzer was 0.06 ± 0.02 
h-1, 0.06± 0.01 h-1 and 0.08 ± 0.02 h-1 respectively, while on the shake flask had calculated 
growth rate of 0.11 ± 0.02 h-1, 0.14± 0.01 h-1 and 0.13 ± 0.02 h-1 respectively. This showed a 
more rapid growth of the bacterial using the shake flask. Acinetobacter sp was observed to 
show growth in all the hexadecane concentrations and 0.5% glucose.  
Sun et al., (2012) confirmed the growth Acinetobacter sp in n-hexadecane as it is detected to 
possess alkane monooxygenase gene that initiate oxidative degradation of this hydrocarbon. 
Dehghani et al. (2013) used the shake flask method to establish the degradation of n-
hexadecane by Acinetobacter radionesistens. The increase in the bacterial cell population in 
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the different concentration of the hydrocarbon is an indication of the bacteria making use of 
hexadecane as the sole carbon source thus implying that the concentration of hydrocarbon was 
decreasing. Abdul-Megeed et al., (2010) obtained similar results when degrading hexadecane 
with Pseudomonas sp and Rhodococcus sp. They observed a decline in the hexadecane 
concentration as the bacterial population increased.  
The growth profile of the three bacterial isolates on 0.5% sodium benzoate was analyzed in 
terms of their lag phase, growth rate and doubling time (see Table 3.5) showed some 
differences in their adaptation and growth. Pseudomonas aeruginosa had a growth rate of 
0.16 ± 0.03 h-1 on the 0.5% sodium benzoate, which was lower than the findings of Loh and 
Chua, (2002) when they experimented with Pseudomonas putida. They recorded a growth 
rate of 0.66 h-1 on 0.2% sodium benzoate but used a more enriched minerals salt media (by 
adding phosphate buffer) than the one used in this investigation. Rhodococcus sp 
demonstrated growth rate and doubling time of 0.11± 0.02 h-1 and 6.03±0.03 h respectively on 
0.5% sodium benzoate. This result was slightly higher than the findings of Choi et al., (2007) 
that reported a doubling time of 4.2±0.11 h when they studied the preference of utilization of 
benzoate using a Rhodococcus sp strain DK17. The method of treatment of Rhodococcus sp 
during growth was different on 5mM (0.07% w/v) benzoate and higher agitation was used 
(180 rpm). The three bacteria from the investigation conducted so far have shown faster 
adaptation and growth in straight chain hexadecane as compared with sodium benzoate.  
The bacterial cultures: Pseudomonas aeruginosa, Acinetobacter sp and Rhodococcus sp 
showed slow level of growth on 1.0% crude oil using the shake flask method while Bacillus 
sp was unable to grow (Figure 3.8 & 3.9). The slow growth experienced by these bacteria 
may be due inadequate agitation in mixing of the crude oil in the BSM. Sham and Pant (2001) 
reported that oxygen is needed for hydrocarbon degradation and that agitation and aeration are 
required for maximal degradation of crude oil. They observed that as the agitation speed 
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increases, oxygen transfer rate incresased resulting to higher degradation of the crude oil by 
Rhodococcus sp. This was observed in this invesitigation when the bioreactor with magnetic 
stirrer was used to enhance agitation of the crude oil in BSM  during the mixed culture 
degradation. The growth profile of the mixed culture of Pseudomonas aeruginosa, 
Acinetobacter sp and Rhodococcus sp showed an increase in the cell population from 1.2 x 
105 cfu/ml to 1.6 x 108 cfu/ml after a period of 7 days incubation while the individual bacterial 
isolate had a less growth. A mixed culture of bacteria consortium is more effective than using 
a single bacteria culture. Westlakes (1982) reported that no single microbial species has the 
enzymatic ability to metabolize more than two or three classes of compound typically found 
in crude oil. The utilization of the crude oil by the bacterial consortium as the sole carbon 
sources and energy for growth is responsible for the cell increase while the acidic metabolic 
products may be responsible for the decrease in the pH of the growth media (see Figure 3.9).  
 
3.5 INTERIM CONCLUSIONS: 
The following conclusions were recommended from the investigation: 
• The maximal optimal temperature for the growth of the selected bacterial 
(Pseudomonas aeruginosa, Acinetobacter sp and Rhodococcus sp) on hexadecane and 
sodium benzoate was observed as 30 oC. 
• Rhodococcus sp showed a more rapid growth on basal salt media (BSM) 
supplemented with hexadecane concentrations (0.5% -2.0 %) as compared to BSM 
supplemented with 0.5% glucose while Pseudomonas aeruginosa and Acinetobacter 
sp showed a more rapid growth on BSM supplemented with glucose compared to the 
hexadecane. 
• The shake flask method was observed to be more effective for bacterial growth 
compared to the bioscreen growth analyzer. 
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• Aeration and agitation was observed to impact the level of bacterial growth, thus 
influenced bioremediation of petroleum hydrocarbon. 
• The mixed bacterial consortium was observed to be more effective for bioremediation 
of petroleum crude oil as such the mixed culture of Pseudomonas aeruginosa, 
Acinetobacter sp and Rhodococcus sp is recommended for the soil phase 
bioremediation investigation 
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CHAPTER 4 
SOIL CHARACTERIZATION, ANALYSIS AND FORMULATION – 
NIGER DELTA SOIL  
 4.1 INTRODUCTION 
The aim of the soil characterization and analysis was to formulate a soil composition similar 
to that of the Niger Delta and to provide an understanding of the influence of the bacterial 
consortium and zeolite on bioremediation. In other to evaluate oil bioremediation in soil 
environments and the difficulty in obtaining soil samples from the Niger Delta region it was 
necessary to model the soil in the laboratory. After a thorough literature search of the Niger 
Delta soils (Akpokedje, 1987; Iwegbue et al., 2006) and Hilton soil (Fullen et al., 2006), the 
Hilton soil from East Shropshire, UK (see Figure 4.1) was used to model the Niger Delta soil 
due to similar characteristics in mineralogy and particle size distribution. 
 
 
 
 
 
Figure 4.1 Location of the Hilton Experimental Site, east Shropshire, UK 
(Source: Fullen et al., 2006) 
 
The soil composition of the Niger Delta (Chapter 1) revealed that the region is underlined by 
different superficial soil deposit which varied widely from sandy to predominantly silty loam, 
sandy clay clayey/silty and loam texture Effiong and Ayolagha (2010). The Hilton soil was 
described by Fullen et al. (2006) to be made up of sandy, silty and clay soil. The Hilton soil 
was characterized and separated based on the particle size and then restructured to model that 
of Niger Delta soil. The zeolite used during this investigation was a sedimentary deposit 
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zeolite supplied from Hector, California USA and identified as clinoptilolite from the x-ray 
diffraction (XRD) analysis. 
4.2 METHODS 
4.2.1 Physical methods 
4.2.1.1 Field collection 
Soil samples were collected by hand auger from 3 different locations at a depth of 5-20 cm at 
the Hilton experimental site in East Shropshire, UK.  Some were collected close to the 
flowing streamside while others from vegetation area by first taken off the debris and dead 
leaves. These soil samples were transported to the laboratory in a clean sterile container.  
4.2.1.2 Soil preparation 
The soils were homogenised and dried at 40 °C mixed for a period of 48 hours. The dried soil 
samples were disaggregated lightly by pestle and mortar prior to particle size analysis. The 
dried soil sample were passed through an arranged stack of six different mesh sizes in the 
following order 2.0 mm, 1.0 mm, 0.5 mm, 0.25 mm, 0.125 mm and 0.063 mm, using the 
Fritsch Vibratory Sieve Shaker for 15 minutes. The bottom pan collected particles < 0.063 
mm in size. The sieved soils were properly labelled and stored for further experimentation. 
4.2.3 Soil physico-chemical analysis 
4.2.3.1 Soil moisture content 
The moisture content of the soil was determined based on Gogoi et al. (2003) methods. 50 g 
of the dried soil samples was kept in the desiccators and the weight determined. The samples 
were then crushed in a mortar, sieved, re-dried and weighed.  
Moisture Content  x 100%  Equation 4.1 
      Where MO = Mass of original soil sample 
                  MD = Mass of dried soil sample 
55 
	   	  
4.2.3.2 Soil pH 
The method for soil pH determination was based on Henning (2004) method where by 5 g of 
the crushed dried soil samples was placed in a vial and thoroughly mixed with 5 ml of 
deionized water. The solution was left for about 1-2 h with occasional stirring. The Corning 
pH meter 240 probe was inserted for 5 min and reading taken.  
4.2.3.3 Soil total organic content 
The soil organic matter was determined by the methodology of Ball (1964) and Nelson and 
Sommersr (1982); 1 g of soil sample was placed in a crucible and weighted accurately and 
transfers into an electric furnace and ignited at 375 oC for 5 hours. The crucible was removed, 
allowed to cool and re-weighed. The difference in the dry state yields the organic content. 
Total Organic Carbon  x 100%  Equation 4.2 
Where,  MO = Mass of original sample 
                   Mi = Mass of sample after incineration 
 
4.2.4 Soil geochemical properties analysis 
 4.2.4.1 Total elemental concentration  
The x-ray fluorescence (XRF) Spectro Xepos Machine was employed to determine the total 
elemental concentration. The soil sample was grinded into powdered then 0.4 g of the powder 
soil samples was introduced into an open XRF tube which was covered with a transparent fine 
film  and inserted into the XRF machine. A paladium x-ray source was used as the primary 
radation while helium was used as the air in the tube for the interaction.  The analysis was 
conducted for 2 h and the total elemental concentration of the soil samples determined. 
4.2.4.2 Mineralogical analysis  
X-ray diffraction (XRD) of the soil was carried out using PW1729 x-ray generator Philips 
with copper x-ray sources for the mineralogical composition to the soils samples. The X- pert 
plus software was used to identify the mineral composition of the soil samples. 
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The XRD analysis involved four stages as represented in the flow chart in Figure 4.2 
 
 
Figure 4.2 schematic illustrations of the processes involved in XRD 
 The soil sample was mounted onto a glass slide using two drops of ethanol onto the soil on 
the glass slide and uniformly slides through with another glass slide. The glass slide with the 
sample was secured on the x-ray in a central platform. The computer software was activated 
and the generator was set-up by slowly adjusting voltage knobs 5kV step to 40 kV followed 
by slowly increasing the current dial to 30 mA. The soil sample was allowed to run for 3 h 
while the computer was allowed to process the data. The analyzed soil samples were removed 
after closing the x-ray shutter and data retrieved, and the X-pert plus software was used for 
the identifying the mineralogy.  
4.2.4 Soil formulation  
The soil used for the bioremediation process was formulated according to Akpokodje, (1987) 
to represent the soil particle characteristics of the Niger Delta region of Nigeria.  The Niger 
Delta soils are made up of different soil particle sizes but they are majorly composed of 
sandy, silty and clay soil Iwegbue et al., (2006). The following soil particle sizes (1.0 mm, 0.5 
mm, 0.25 mm, 0.125 mm) graded were equally combined together to formulate the sandy soil. 
The sandy soil was formulated by mixing together 500 g of each of the different particle sizes, 
thus producing sandy soil particle sizes (0.25-1.00 mm).  The < 0.063 mm particles size was 
used to formulate the clay/silt soil used for the investigation. The soils were maintained within 
the temperature range of 25-30 oC in sterile bags to mimic the Niger Delta environment. 
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4.2.4 Scanning Electronic Microscopy (SEM) 
The soil samples were freeze-dried for a period of 48 hours using the Edwards Freeze Dryer 
Modulyo.  Individual freeze-dried samples were mounted on separate carbon metal conductor. 
They were then splutter-coated with gold using the Emscope SC 500. The coated samples 
were later examined using the Zeisis EVO 50 (Oxford Instrument, INCA wave model) 
scanning electron microscope at different working distances and magnification. 
4.3. RESULTS  
4.3.1 Soil physico-chemical analysis 
The soil physicochemical properties are determined, sieved and graded into standard grain 
sizes of within the range (0.063 – 2.000) mm (Appendix II Table I1-1b). The pH of soil 
particle size < 0.063mm was 6.73 ± 0.2 and subsequent soil particle sizes were observed to 
slightly decrease as the particle size increased except for 0.250 – 0.500mm that had a pH of 
6.67 ± 0.3. However, the percentage total organic carbon in the particle size < 0.063 was 
observed to be 26.4 ± 0.3%, which was higher than the other graded particle sizes. The total 
organic carbon, nitrogen and phosphate in the different graded soil particle sizes was observed 
to decreased with increase in the soil particle sizes.  
4.3.2 Soil geochemical analysis 
4.3.2.1 X-ray fluorescence (XRF) analysis of soil samples  
The XRF results of the soil samples are given in Appendix II Table II-2 and revealed > 50 
different elements.  The major elements are sodium, magnesium, aluminium, potassium, iron 
and silicon as shown in Figure 4.3. Trace elements (Cr, Ni, Ba, Nb, Zr, Y, Sr, Rb, Co) were 
also identified in concentrations between 0.001% and <0.00009%. 
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Figure 4.3 shows the elemental composition from the XRF  analysis of the graded soil samples from the Hilton 
used in modelling the Niger Delta soil. Only elements whose percent concentration were greater than one are 
included  
 
4.3.2.2 X-ray diffraction (XRD) analyses of soil sample  
The XRD analysis of the soil sample revealed that quartz (SiO2) is the predominant mineral 
present as shown in Appendix II-­‐Table II. 1a. Kaolinite, illite and smectite were also 
present. This indicates similar mineralogical composition to soils in the Niger Delta. The 
spectroscopy of the graded soil particle sizes as shown Figure 4.4(a-f) reveal similar peak 
sizes indicating similarity in the particle sizes. The single high peak sizes found in the six 
graphical representatives are a clear indication of the presence of quartz (SiO2) in the soil 
samples. The XRF result in Figure 4.3 earlier reviewed the high percentage of elemental 
concentration of silicon. The XRD results showed a high score match for quart-SiO2. The 
smaller peak sizes are an indication of other minerals such as kaolinite, illite, smectite, which 
can be confirmed from the mineralogy in Appendix II-­‐Table II. 1a, which are similar to that 
found in the Niger Delta soil.  
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Figure 4.4(a-f) XRD Spectroscopy of the characterized Soil particle sizes of the Hilton soil used to 
model the soil of Niger Delta  
 
 
4.3.3. Physiochemical analyses of the formulated silt-clay and sandy soil  
 
The physiochemical analyses of the formulated silty-clay and sandy soils are shown in Table 
3.2. The pH of the silty-clay soil was observed as 6.73 ± 0.14 while that of the sandy soil 6.45 
± 0.13 which indicates a slightly acidic soil. The organic carbon content in the silty-clay soil 
was determined from Equation 4.2 as 26.4 ± 0.3% which was higher than the sandy soil with 
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total organic carbon of 19.4 ± 0.2%. The nitrogen and phosphate level in the formulated clay 
and sandy soil were slightly low as shown in Table 3.1. 
Table 3.1 Profile description and characterization of the model Niger Delta soils  
 
 
 
 
 
 
Results represent the mean±standard deviation of three replicates 
 
4.3.4. XRF and XRD analyses of the formulated silt-clay and sandy soil 
The XRD results of the modelled clay and sandy soil see Table 3.2 showed the presence of 
higher level of quartz in the sandy soil as compared to the silt-clay. The low quartz level in 
the clay soil is as a result of the silty nature of the clay formulated based on the particle sizes 
composition. The XRD analysis of both soils reveal quart-SiO2 to be predominant mineral 
present. The single high peak at angle 26 in the spectroscopy of the soil is an indication of the 
amount of quartz in the clay as in Figure 4.5 and sandy soil as in Figure 4.6 and is supported 
by XRF analyses showing high silicon content as shown in Appendix II Table II. 2. The 
smaller peaks are indication of kaolinite, illite and smectite, which can be confirm from the 
mineralogical composition of the soil shown in Table 3.2. Chlorite was observed to be present 
in low amounts in both soil samples as shown in Appendix II Table II. 2.	  
 
 
 
Physical appearance Physiochemical    properties 
Particle name Silty -clay Fine sandy 
Particle sizes (mm) < 0.063 0.25-1.00 
Clay (%) 50 0 
Silt (%) 50 0 
Fine sand (%) 0 100 
PH 6.73 ± 0.14 6.45 ± 0.13 
% Moisture by mass 25.4 ± 0.2 22.6 ± 0.2 
Available PO4 (ppm) 1.60 ± 0.12 1.30 ± 0.03 
Nitrogen (%) 0.17 ± 0.01 0.14 ± 0.04 
Organic Carbon (%) 26.4 ± 0.3 19.4 ± 0.4 
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Figure 4.5. XRD spectroscopy of the model silt-clay soil particle size < 0.063mm 
 
 
 
 
 
 
Figure 4.6 XRD spectroscopy of the model sandy soil particle size (0.25-1.00 mm). 
 
Table 3.2 shows the mineralogical composition of the different particle sizes from the x-ray 
Diffraction (XRD) analysis. 
Soil type Particle sizes 
       (mm) 
Record mean 
Score 
Formula Compound name 
 
 
Silt-clay  
 
 
< 0.063 
 
67 
16 
42 
  
 
SiO2 
KAlSi3 O8 
AlPO4 
 
 
Quartz -low 
Feldspar 
Aluminium Phosphate  
Sandy 
 
0.25-1.00 77 
12 
15 
SiO2 
KAlSi3O8 
CaCuO7 
Quartz –high 
Orthoclase 
Calcium Copper 
Oxygen 
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4.3.4. Scanning electronic microscopy (SEM) analysis of the soil 
SEM analyses of the silty-clay and sandy soil samples were conducted to present the 
microscopic structure of their particle distribution (Figure 4.7). The silt-clay soil particle 
showed a smoother nature of the particles as shown in Figure 4.7.A while the sandy soil 
particle had a coarse surface structure as shown in Figure 4.7. B. The structural representation 
of the different particles will help broaden the understanding on how bacterial attach to the 
soil during the soil bioremediation processes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
         Figure 4.7 SEM of the Niger Delta modelled silt-clay (A) and sandy (B) soil  
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 4.4 DISCUSSION 
The characterized and separated Hilton soils based on the particles size were used to model 
the clay and sandy soil of Niger Delta. These two soils were chosen based on the investigation 
of six different representative soil profiles that established that clay and sandy soil are the 
most predominant soils types in the region (Akpokedje, 1987). The choice of soil from the 
Niger Delta region is as a result of the challenges of oil pollution in the region (Sojinu et al., 
2010). 
The physiochemical analyses of the different graded soil (Appendix II-Table II-1b) and the 
modelled clay and sandy soil (Table 3.1) showed a slightly acidic soils types. The pH result of 
the clay and sandy was 6.73 ± 0.14 and 6.45 ± 0.13 respectively. Fullen et al., (2011) reported 
a slightly more acidic pH 5.35 of the Hilton soil while investigating the effect of soil 
properties. Iwegbue et al., (2006) while assessing the soils of an oil field in the Niger Delta 
reported that the soil pH during the wet season range between 3.51-6.83 and during the dry 
season 4.29-7.32. The Niger Delta soils can be averagely described as slightly acidic which is 
similar to that of the Hilton soil based on the findings. 
The organic carbon observed in the clay soil was 26.4 ± 0.3%, which was higher than the 19.4 
± 0.2% observed of the sandy soil. Fullen et al, (2006) reported of a strong correlation 
between soil organic matter and cumulative particle fraction of both clay and silt soil from the 
Hilton. Periodic sampling of the topsoil of the Hilton soil suggested that clay content and 
increased the coarse fraction (Fullen and Brandsma, 1995). This could have been responsible 
for the higher organic carbon observed the clay soil from the Hilton. The nutrient level in 
terms of the % nitrogen and phosphate in the modelled clay and sandy soil from the 
physiochemical result was slightly low to enhance bioremediation processes (Table 3.1).  
Nutrient like nitrogen and phosphorus are very important for bacterial proliferation during the 
bioremediation of oil (Ayotamuno et al. 2006). 
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The Niger Delta region is underlined by different superficial soil deposit ranging from the 
organic mostly peaty marine mud or chicoco in the tidal flat or saline mangrove swamp to the 
active silty clay of the freshwater back swamps deltaic lateritic soils of the dry flatland or 
plains (Leton and Omotosho, 2004). The soil texture in region varied widely from sandy to 
predominantly silty loam, and sandy clay loam with a mixed clayey/silty loam texture Effiong 
and Ayolagha (2010) and are mainly silty clay and were relatively acidic (Ayotamuno et al. 
2006).   
The major elements identified in the Hilton soil are sodium, magnesium, aluminium, 
potassium, iron and silicon see Figure 4.3. Other trace elements such as (Cr, Ni, Ba, Nb, Zr, 
Y, Sr, Rb, Co etc) were also identified as shown in Appendix II-Table II.2. The XRD 
analyses of the modelled clay and sandy soil types revealed that the predominant minerals as 
quartz - SiO2 with some percentages of kaolinite (Orthoclase), illite and smectite (Feldspar) 
(Table 3.2).  Feldspar is a group of smectite identified. Smectite is a commonly occurring 
expanding lattice mineral that shrinks and swells during drying (Phillips et al., 2011). Soil 
permeability and pore and fractures in the rock are critical factors controlling the movement 
of water from the surface into the underlying layers (Atlas et al., 2005). Olorunfemi, (1984) 
reported such similar mineralogical composition of the Niger Delta soil. He observed that the 
major minerals found in the region are quartz and kaolinite with some proportions of smectite, 
goethite and gibbsite (Appendix II-Table II.1). The central delta is essentially quartz – 
kaolinite zone while the eastern delta has the highest concentration of highly aluminous 
smectite. The soil type plays an important role in the fate of petroleum crude oil contaminant 
(Stemple et al., 2003). Hydrocarbon breakdown is influenced by the soil environment and soil 
fractions, such as the surface area, composition of surface fractions and reactivity (Scherr et 
al., 2007). 
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The modelled soils were maintained within the temperature of 25-30 oC in the sterile bags to 
model the temperature of the Niger Delta environment. The ambient environment in the Niger 
Delta has a daily mean minimum and maximum temperature of 23 oC and 31.5 oC 
respectively (Ayotamuna et al., 2006). Maintaining the soil within the temperature range 25-
30 oC was crucial for the soil bioremediation phase of this investigation.	  
 
4.5 INTERIM CONCLUSIONS: 
It is concluded that: 
• Geochemical properties of the soil sample from the XRF showed major elements are 
sodium, magnesium, aluminum, potassium, and iron with silicon having high 
percentage. 
• XRD analysis revealed minerals such as quartz, kaolinite (Orthoclase), illite and 
smectite (Feldspar), which are similar to those of the Niger Delta. 
• The modelled silt-clay and sandy soil are similar to that of the Niger Delta based on 
the physicochemical and particle size characteristic (Akpokedje, 1987), geochemical 
properties (Olorunfemi, 1984) and environmental temperature (Ayotamuna et al., 
2006). 
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CHAPTER 5 
BIOREMEDATION OF MODELLED PETROLEUM OIL-CONTAMINATED SOILS 
OF THE NIGER DELTA  
5.1 INTRODUCTION: 
The soil used for this investigation was that which had been characterized and separated based 
on the particles size and then restructured to model that of Niger Delta soil (Chapter 4). The 
choice of soil from the Niger Delta region was as a result of the challenges of oil pollution in 
the region and to provide an understanding of the influence of the bacterial consortium 
(Pseudomonas sp and Rhodococcus sp characterized in Chapter 3) and zeolite on the oil 
removal from the soil (preliminary investigation).  
Further investigation on the effects of soils structures on bioremediation was carried out using 
two-modelled Niger Delta soil particle size composition (silt-clay and sandy). These two soils 
were chosen based on the investigation of six different representative soil profiles that 
established that clay and sandy soil are the most predominant soils types in the region 
(Akpokedje, 1987). The bacterial consortium used for this investigation was composed of: 
Pseudomonas aeruginosa, Rhodococcus sp, and Acinetobacter sp. (Acinetobacter sp was 
included to this investigation to enhance the bioremediation process due to its utilization in 
previous studies).  
Natural zeolite and its modified forms have been used to remove organic contaminants from 
the environment (Wang and Peng, 2010; Gunter and Zanetti, 2000). The zeolite 
(clinoptilolite) has been reported as a source of slowly release of potassium and nitrogen to 
the environment when needed and also act as water moderator, in which they can absorb up to 
55% of the weight in water and slowly release it under the demand of plant and the ecosystem 
(Mumpton, 1999). Little to no information has been reported with regards the combined 
influence of bacteria and zeolite in remediating the soil environment of contaminated crude 
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oil which this research will be investigating. The zeolite used for this study was identified as 
clinoptilolite from XRD analysis. An understanding of the extent and nature of the influence 
of these two-modelled soils particle size soil composition and zeolite augmentation on 
degradability of petroleum hydrocarbon mixture in soil mixture will greatly help in 
developing a remediation strategy in the Niger Delta region. 
5.1.1 Hypothesis of this investigation 
The following hypotheses were considered during the investigation: 
1. Does the bacterial consortium effectively bioremediate petroleum contaminated soil? 
2. Does soil particle size composition have any influence on the level of bioremediation 
of a crude oil-contaminated soil? 
3. What influence does zeolite have on the level of bacterial growth and its 
bioremediation potential in a crude oil contaminated soil? 
5.2 METHODS: 
5.2.1 Preparation of standard inoculum and microbial consortium 
The method of Ghazali et al., 2004 was adopted with some modification. Individual cultures 
of the characterized bacteria were separately grown on 1% v/v crude oil- containing BSM in a 
shake flask for 5-6 days and subsequently transferred into another 1% v/v of crude oil mineral 
salt solution for 18 h at 30°C in an orbital shaker at 150rpm prior to inoculation. The cells 
were harvested by centrifugation, rinsed three times with sterile saline before being re-
suspended in 5mls sterile BSM to yield an absorbance reading of 0.5 at 540nm and cell count 
was determined. 10% (v/w) of the resulting colony forming unit (CFU)/g soil was used as a 
soil inoculum (with the cell count between 1.9 x 107 and 2.9 x 107 cfu/g). The microbial 
consortium was formulated by mixing equal proportions of pure bacterial cultures (resulting 
to a final mixed culture inoculum cell population of 2.5 x 107 cfu/g). 
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5.2.2 Determination of microbial population from the crude oil-contaminated soil 	  
1-gram soil samples were aseptically taken from the soil treatments in the flask (after 
thoroughly mixing the soil sample using ethanol sterilized spatula) and transferred into 9 ml 
of Ringer solution. The soil solution was thoroughly shaken on a vortex mixer for 2-3 min 
and then the soil particulates were allowed to settle for a minute. Serial dilutions from the 
resultant suspension of 10-1 to 10-8 were performed by dispensing 0.5 ml of sample in 4.5 ml 
of sterile 1/4th strength ringer solution. 20 µl of each dilution was dispensed onto TSA plates 
under aseptic conditions using the Miles and Misra technique in triplicate. The TSA plates 
were then incubated at 30°C for 24hrs. Samples for bacterial viable counts were taken at 0, 7, 
14, 21 and 30 days and the number of colony forming units counted.	  
 
CFU/ml was calculated with the formula: CFU/ml = n x (1/ (sample volume (ml))) x 1/D.F 
Where n is the no. of colonies and D.F. is dilution factor. 
 
5.2.3 Extraction of residual oil from the crude oil-contaminated soil	  
The entire oil-contaminated soil flask contents (less of the 1 gram used for the microbial 
analysis) were carefully transferred into the thimbles and place in the extraction chamber, 
which is suspended above the flask containing the solvent-hexane. Additional 10mls of 
hexane was introduces into the flask and thoroughly shaken and added into the extraction 
chamber and the extraction processes was carried-out by soxhlet extraction. The extraction 
was allowed to run for a period of 5 h. The extract was subsequently evaporated to 
approximately 1 ml using a rotary evaporator –Rotavapor RE150 at 35 oC (see Figure 5.1); 
this was to further remove any trace of hexane in order to weigh the petroleum crude oil. 
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Figure 5.1. A rotary evaporator used for the evaporation of hexane from the crude oil extracted from the soil 
5.2.4 Quantitative analysis hydrocarbon- Gas chromatography 
The determination of hydrocarbon in the soil was performed on the extracted residual oil 
samples and standards using the Thermo Finnigan, Trace GC Ultra fitted with a flame 
ionization detector and capillary column type Rtx-5MS (30x0.25mm); run on auto-sampling 
method and alkanes were detected using a standard solvent of known hydrocarbon. The initial 
oven temperature was held at 50°C for 2minutes while the injector and detector temperature 
were maintained at 270°C. The oven was programmed to rise from 50°C to 270°C at 
10°C/min increment and held at 270°C for 15 mins. The injector was run on Splitless Splitless 
mode while 1 µl of the sample taken from the vial bottom was analyzed. Hydrogen flow was 
maintained at 35 ml/min, airflow at 350 ml/min, and makeup gas nitrogen at 30 ml/min while 
the carrier gas used was helium. The quantification of hydrocarbon was determined by 
comparing the peak area of the individual hydrocarbons to that of the standard alkane. 
5.2.4 Recovery of oil and quality control  
 
Petroleum hydrocarbon extraction was carried out using the soxhlet extraction technique. To 
ensure good quality control of the extraction technique, clean soil samples were spiked with 
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replicate known amount (0.05 – 1.00 gram) of crude oil in replicate and subsequently 
extracted.  The extraction results for 0.05 – 1.00 g petroleum crude oil show a linear 
relationship (Figure 5.2) with good reproductively and an extraction efficiency of 95%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2.Petroleum crude oil extraction calibration curve- error bars represent Standard deviation (SD) (n=3) 
5.2.5 Bioremediation of crude oil-contaminated soil using bacteria and zeolites 
(Preliminary investigation).  
 
The biodegradation experiments were conducted using replicate 100 ml flask containing 30 
grams of sterile soil (not amended with zeolite) and another same flask with 0.05% w/w 
zeolite added, both autoclaved at 121°C for 20 mins. The sterile soil samples were spiked 
with 0.5 ml of petroleum crude oil. 5mls of sterile distilled water and 0.5ml basal salt medium 
were aseptically introduced into each of the flask. A mixed culture of bacterial consortium 
(Pseudomonas sp and Rhodococcus sp) previously characterized in chapter 3 was used for this 
investigation. 10% (v/w) resulting colony forming unit (CFU)/g soil of the bacterial 
consortium was used (2.5 x 107 ± 0.4) cfu/g (as determined in section 5.2.1). The experiments 
were conducted with the following treatment combinations in replicate: oil-contaminated soil 
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amended with zeolite and without zeolite both with bacterial consortium; control experiments: 
soil with bacterial consortium; oil-contaminated soil and soil (un-contaminated with oil)  
The experiment was carried out for a period of 30 days in an incubated water bath at 30 o C. 
Water losses due to evaporation were compensated at two days interval by addition of sterile 
distilled water on weight bases. Two hours after the soil had been amended with crude oil and 
bacterial consortium, samples were taken for initial microbial cell population and the crude oil 
concentration determined (as described in section 5.2.3). Further samples were carried out at 
day 7, 14, 21 and 30. 
 The microbial population was determined using the Miles and Misra technique in triplicate 
(as described in Section 5.2.2) and the oil was extracted from the entire oil-contaminated soil 
flask contents (less of the 1 gram used for the microbial analysis) by soxhlet extraction with 
150 ml hexane for a period of 5 h. The extract was subsequently evaporated to approximately 
1 ml using a rotary evaporator –Rotavapor RE150 at 35 oC. The quantitative analyses of  the 
extracted residual oil samples was performed using the Thermo Finnigan, Trace GC Ultra 
fitted with a flame ionization detector and capillary column type Rtx-5MS (30x0.25mm). 
5.2.6: Influence of soil particle size composition on bioremediation of crude oil-
contaminated soils. 
The soil experiments were conducted with the following treatment combinations in replicates 
using clay and sandy soil separately (See Table 5.1) 
Table 5.1 Soil treatments experimental combinations for the remediation process 
Soils treatments of the individual soil types (Clay and Sandy) Represents 
20 grams sterile soil + 0.5 ml crude oil + 2 ml bacterial consortium + 2 grams 
sterile zeolite + 5ml BSM	  
S+C+B+Z	  
20 grams sterile soil + 0.5 ml crude oil + 2ml bacterial consortium + 5 ml BSM	   S+C+B	  
20 grams sterile soil + 0.5 ml crude oil + 7 ml BSM	   S+C (Control) 	  
20 grams sterile soil + 0.5 ml crude oil + 2 grams sterile zeolite + 7 ml BSM	   S+C+Z (Control) 
20 grams sterile soil + 7 ml BSM S (Control) 
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The biodegradation experiments were conducted in the laboratory controlled environment 
(same as described in Section 5.2.2) except with some slight modification. Replicate 100 ml 
flask containing 20 grams of the individual sterile soil (clay & sandy) composition 
(autoclaved at 121°C for 20 mins) treatments (see Table 5.1) were conducted under the same 
condition for a period of 30 days in the incubation water bath at a temperature of 30 o C. 10% 
standard inoculum (2.52 x 107 cfu/g soil) of three bacterial consortium (Pseudomonas 
aeruginosa, Rhodococcus sp, and Acinetobacter sp) was utilized during the investigation 
(Acinetobacter sp was added to the preparation as a result of further characterization in 
Chapter 3 and to enhance the bioremediation process). Sterile BSM was added at intervals of 
three days on weight bases to compensate for moisture loss (which was determined by 
weighing each of the flask content) and to maintain nutrient replacement. Two hours after the 
soil had been amended with crude oil and bacterial consortium, samples were taken for initial 
microbial and concentration determination. Further samples were carried out at day 7, 14, 21 
and 30 using the Miles and Misra technique in triplicate (see section 5.2.2) for the microbial 
analyses while the residual oil from the entire oil-contaminated soil flask contents (less of the 
1 gram used for the microbial analysis) was extracted with hexane using the Soxhlet 
extraction for 5 hr (as described in 5.2.3).	  The quantitative analysis of the extracted oil were 
carried out by weight measurements (as described 5.2.1 iii) .The determination of 
hydrocarbon in the soil was performed on the extracted residual oil samples and standards 
using the Thermo Finnigan, Trace GC Ultra fitted with a flame ionization detector and 
capillary column type Rtx-5MS (30x0.25mm) (as described 5.2.1 vi). The GC was run on 
auto-sampling method and alkanes were detected by using a standard solvent. The 
quantification of hydrocarbon was determined by comparing the peak area of the individual 
hydrocarbons to that of the standard alkane.  
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5.2.7 Statistical analyses 
All the experiments were performed in replicate and the means and standard error of the mean 
was determined using graph pad prism. Experimental data were analysed using column 
analyses: “t-test: sample (comparison of means), one-way ANOVA and using grouped 
analyses: Two-way ANOVA, row means with standard deviation, and multiple t tests. All 
significant difference (p) values were determined and data interpreted. 
5.3 RESULTS ON BIOREMEDATION OF CRUDE OIL-CONTAMINATED SOIL 
(PRELIMINARY INVESTIGATION) 
A preliminary investigation of bioremediation of crude oil-contaminated soil using bacteria 
and zeolite was conducted. The bacterial consortium used for this investigation comprised of 
Pseudomonas sp and Rhodococcus sp characterized in Chapter 3. This investigation was 
carried-out in order to provide an understanding of the impact of bioremediation on the 
bacterial consortium cell population and the oil removal rate from a modelled Niger Delta soil 
formulated in Chapter 4. 
 
5.3.1. Microbial consortium cell population: 
The soil sample contaminated with the crude oil petroleum hydrocarbon had an initial 
bacterial consortium population of 2.5 x 107 cfu/g (Figure 5.3). The control soil sample was 
amended with the addition of only the bacterium consortium without the crude oil as the 
carbon source. The bacterial population in all the samples showed no significant changes in 
population size during the first 14 days. Although, minor differences were observed between 
samples that were within normal variation and hence not significant since there were no 
apparent growth of bacteria in the time period. It was concluded that this might have been due 
to lack of nutrients. Consequently, 2 ml BSM was used to replace the sterile distilled water at 
day 14 of the various experimental treatments. Within a further 7 days (Day 21) the viable 
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counts slightly increased to 5.6 x 107 cfu/g and 4.5 x 107 cfu/g for soil treatment with zeolite 
and without zeolite respectively. At the 30th day of investigation there was an increase in the 
cell population to 9.98 x 107 cfu/g and 9.2 x 107 cfu/g in oil-contaminated soil treated with 
zeolite and without zeolite respectively while the control sample without petroleum crude oil 
was to 1.7 x 107 cfu/g indicating no growth. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3 Growth patterns in colony-forming units of bacterial consortium in oil contaminated soil treated with   
zeolite and without zeolite. Error bar represents SD of replicated experiments (n=3) 
 
5.3.2. Hydrocarbon removal 
The quantification and oil removal patterns of the petroleum hydrocarbon in the soil were 
based on the comparisons of the hydrocarbon compositions extracted from the soil at the 
beginning of the investigation (day 0) and at day 30. These comparisons were analysed based 
on the weight analysis of the residual oil and by gas chromatographic analysis with the 
reference standards. 
5.3.2.3. Quantification of residual oil: Weight analysis methods  
Residual oil was quantified by weighing the extracted oil obtained by soxhlet extraction. Soil 
amendment experiment showed a more rapid and greater extent apparent oil removal with the 
addition of both bacterial consortium and zeolite.   At the beginning of the study (day 0), 97.8 
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± 0.4% and 98.2 ± 0.9% of oil-contaminated soil treated with zeolite and without zeolite 
respectively were recovered (figure 5.4). After 7 day of incubation with the bacterial 
consortium, 61.7% ± 0.71% and 77.7% ± 1.90% of oil-contaminated soil treated with zeolite 
and without zeolite respectively were recovered. In contrast, control experiments without 
bacteria showed only a slight reduction down to 90.9% ± 2.1% and 92.4% ± 0.7% for soil 
treatment with and without zeolite. This suggests that the zeolite would have adsorbed some 
of the crude oil contaminates and that bacterium consortium would have metabolizing the 
crude oil without growing. The reduction in oil continued such that by day 30, 79% of oil had 
been removed in soil treated with zeolite and bacteria, and bacteria in soil without zeolite had 
removed 67% of oil.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4 Shows the impact of addition of zeolite and bacterial consortium (Pseudomonas sp and Rhodococcus 
sp) upon oil removal rate at 30 °C for a period of 30 days. Error bar represents SD of replicated experiments 
(n=3) 
 
The control experiments (without bacterial consortium) with zeolite and without zeolite by 
day 30 of the investigation showed 34% and 16% oil removal respectively. This removal 
could be attributed to abiotic factors either by volatilization or during incubation in the 
experimental set-up in the incubator at 30°C, or adsorption onto the particulate material 
during the extraction process using hexane and loss to the environment during analysis 
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evaporation. The statistical analyses (Appendix III-Table III.1) show that the additions of 
bacterial consortium significantly (p< 0.0001) enhanced oil removal in the presence or 
absence of zeolite; that addition of zeolite to soil significantly enhanced oil removal in the 
presence of bacteria (p < 0.0001).  
A summary description of the influence of zeolite on the bacterial consortium (as described 
in figure 5.3) and oil removal pattern (Figure 5.4) from the preliminary investigation were 
further combined and described in the graphical representation (Figure 5.5) to present a better 
understanding of the bioremediation process. 
 
 
 
 
 
                                             
                                                 ↑ 
                      
 
 
Figure 5.5 Bacterial growth and oil removal pattern in a soil contaminated with 1.5% w/v crude oil soil with addition of 
zeolite incubated at 30 °C for a period of 30 days. Error bar represents SD of replicated experiments (n=3) 
 
5.3.2.4. Qualification of residual oil: Gas chromatographic analysis  
A gas chromatographic analysis of the hydrocarbon extracted with hexane at the start of the 
investigation identified aliphatic compounds with carbon numbers between C12-C28. The 
chromatograms of degraded oil recovered from the various soil treatments at the start of the 
investigation (time=o) and the end day 30 and controls are presented in Figure 5.6. The 
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reduction in the peak area and heights from the chromatograms from the various extracts is an 
indication of reduction in the concentrations of the hydrocarbon components in the extracts. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6 Comparison of the gas chromatograms of residual oil extract from soil treatment (a) with addition of zeolite without bacteria on 
day 0. (b) With addition of zeolite and bacterial consortium on day 30. (c) With addition of zeolite without bacterial consortium on day 30 
(d) without bacteria on day 0. (e) With bacterial consortium on day 30. (f) Without bacterial consortium on day 30. 
	  
The peak areas from the selected hydrocarbon peaks were evaluated in relation to % removal 
of individual hydrocarbons. Quantitative analysis of the residual oil extracted from the soil at 
day 30 (Figure 5.7) of the investigation revealed that C12 and C16 hydrocarbon were degraded 
the most. C12 was 97% degraded in soil treated with zeolite whereas 78% of the hydrocarbon 
component C12 was degraded in soil not treated with zeolite. C16 showed mean percentage 
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removal of 92% and 88% for soil treated with and without zeolite respectively. Surprisingly, 
C14 hydrocarbons were only degraded by 42% and 56% in the presence of bacteria in soil 
without zeolite and zeolite treated soil respectively. C18 - C25 hydrocarbons were partly 
removed in both soil treatments. Hydrocarbon component (C26 and C28) were partially 
degraded by the bacterial consortium in the case of extracts from soil not treated with zeolite 
to mean percentage of 33% and 27% respectively while soil treated with zeolite and bacterial 
consortium showed mean percentage removal of 36% and 29% respectively. Control 
experiments of oil-contaminated soil without bacteria and zeolite amendments show partial 
removal of the lower hydrocarbon with C12 - C16. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7   A column chart showing peak areas of hydrocarbons found in GC analyses of residual crude oil extract from soil not treated 
with zeolite but with bacteria, soil treated with zeolite and bacteria and soil not treated with zeolite and bacteria (control) at day 0 and day 30. 
Error bar represents SD of replicated experiments (n=3) 
 
 
5.3 RESULTS ON THE INFLUENCE OF SOIL STRUCTURE ON BIOREMEDATION 
 These results were obtained from the investigation conducted to establish the influence of 
soil particle sizes (clay and sandy) on crude oil bioremediation using bacterial consortium and 
zeolite.  Theses soils were characterized (see Table 5.2) and reformulated modelling the 
Niger Delta soils. The bacterial consortium used for this investigation was composed of a 
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mixture Pseudomonas aeruginosa, Rhodococcus sp, and Acinetobacter sp. Acinetobacter sp 
was added to this experiment to enhance the bioremediation process. The zeolite used for the 
investigation is characterized in Table 5.3. 
Table 5.2 Profile description and characterization of the soils used for the investigation 
Results represent the mean±standard deviation of three replicates (n=3) 
  
A summary of the physiochemical properties of the zeolite analyses is described in Table 5.3. 
 Table 5.3 Profile description and characterization of the zeolite used for the investigation 
 
Soil type is an important factor to consider when determining the best-suited bioremediation 
approach to a particular situation. Soil augmentation with zeolite in the two different soil 
types exhibited two dissimilar growth patterns in terms of the bacteria cell population (see 
figure 5.8 and 5.9).   
5.4.2 Influence of zeolite (clinoptilolite) and bacteria on the oil removal pattern in silt-
clay soils 
The clay soil sample with and without addition of zeolite contaminated with the crude oil 
petroleum hydrocarbon had an initial bacterial mean population of 2.39 x 107 cfu/g and 2.44 x 
Physical appearance Physiochemical    properties 
Particle name Silty clay Fine sandy 
Particle sizes (mm) < 0.063 0.25-1.00 
pH 6.73 ± 0.14 6.45 ± 0.13 
% Moisture by mass (% w/w) 25.4 ± 0.2 22.6 ± 0.20 
Available PO4 (ppm) 1.60 ± 0.12 1.30 ± 0.03 
Nitrogen (% w/w) 0.17 ± 0.01 0.14 ± 0.04 
Organic Carbon (% w/w) 26.4 ± 0.3 19.4 ± 0.40 
Physical appearance/ Element  Physiochemical    properties 
Zeolite name Clinoptilolite 
Particle sizes (mm) 1.00-2.00 
Nature of substance Granular pallets  
pH 6.20 
Phosphorus (%) <0.00072 
Silicon (%) 5.906 
Potassium (%) 0.984 
Trace elements (%) Present 
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107 cfu/g respectively (Figure 5.8). The bacterial population in the both clay soil treatments 
showed a slight increase but not a significant difference in population size between both soils 
during the first 7 days.  However, there was a significant difference (p < 0.0001) in the oil 
removal between both soil treatments during this period. The clay soil with the zeolite had 
69.0% ± 0.3% oil remaining while that without zeolite had 84.8% ± 1.8% remaining 
respectively. The p-value (< 0.0001) also showed a significant difference between the two 
treatments (Appendix III-Table III.2). Interestingly, the control experiment also showed a 
slight but not significant increase (p > 0.0001) in both bacterial cell population sizes (at day 7 
sampling) and oil removal. The bacterial cell population for the control after then began to 
gradually decrease during the period of the investigation. At day 14, test flasks maintained an 
increase in bacterial cell population and decrease in oil level in both clay soil amendments, 
with significant difference between the clay soils with and without zeolite (46.4% ± 1.5% and 
67.2% ± 1.0%, respectively). This significant oil removal and increase in bacterial population 
was maintained on day 21 of the investigation.  At day 30, the clay soil with and without 
zeolite but with addition of bacterial consortium showed a significant difference in the oil 
removal, they had 10.6% ± 1.4% and 23.8% ± 1.0% oil remaining respectively. Statistical 
analysis of the results at day 30 (Appendix III-Table III.3) confirmed that there was a 
significant difference (p < 0.0001) in oil removal caused by zeolite in the presence and 
absence of bacteria.  Also at day 30, clay soil spiked with crude oil amendments (control) 
with addition of zeolite but without bacterial consortium had oil remaining of 67.2% ±0.6% 
while the crude oil spiked clay soil without both treatments had 89.1% ± 2.0% oil remaining. 
A clear pattern of oil removal as time progressed with and without zeolite and bacterial 
addition was observed in the clay soil. The rate of oil removal in the absence of both zeolite 
and bacterial was minimal over the 30 days period. 
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Figure 5.8 Bacterial growth and oil removal pattern in a clay soil contaminated with 2.5% v/w crude oil soil 
with addition of zeolite incubated at 30 °C for a period of 30 days. Error bar represents SD of replicated 
experiments (n=3) 
 
5.4.2 Influence of zeolite (clinoptilolite) and bacteria on the oil removal pattern in sandy 
soils 
The sandy soil sample with and without addition of zeolite contaminated with the crude oil 
petroleum hydrocarbon had an initial bacterial mean population of 2.48 x 107 cfu/g and 2.39 x 
107 cfu/g respectively (Figure 5.9). The bacterial population in both (with and without 
zeolite) sandy soil treatments experienced a lag phase during the first 7 days but there was oil 
removal (15.1% and 10.3% respectively) during the period. The bacterial population 
subsequently gradually increased with no significant difference in the oil removal between 
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both sandy soil treatments during this period. The sandy soil with the zeolite had 79.0% ± 
1.6% oil remaining while that without zeolite had 84.7% ± 1.6% remaining respectively. At 
day 14, the increase in bacterial cell population was maintained and decrease in oil level in 
both sandy soil amendments was also observed, with significant difference between the sandy 
soils with and without zeolite (60.2% ± 1.0% and 69.5% ± 1.2%, respectively). Interestingly, 
the sandy soil without the zeolite showed slightly more bacterial growth during the period 
than the sandy soil with zeolite but there was no difference in their cell population. At day 21, 
the oil level still continued to decrease in both soil treatments with significant differences in 
the oil removal, which was confirmed by the statistical analysis (< 0.0001). At day 30, the 
sandy soil with and without zeolite showed a significant difference in the oil removal, with 
32.4% ± 0.9% and 40.3% ± 0.5% oil remaining respectively. Also at day 30, sandy soil spiked 
with crude oil amendments (control) with addition of zeolite but without bacterial consortium 
had oil remaining of 74.87% ± 1.17% while the crude oil spiked sandy soil without both 
treatments had 82.30% ± 1.47% oil remaining. For the control soil sample with only bacterial 
consortium, the cell population size decreased from the time of inoculation and at every 
sampling time below the inoculum size. 
A comparative statistical analysis of the level significance in terms of the level of oil 
degradation in the clay and sandy soil treatment (S+C+B) during the period of investigation at 
each sampled time was compared (Appendix III-Table III.4). It showed that T= 0, 7 and 14 
day, there were no significant difference in the  % oil removal between the bacterial 
consortium in the clay and sandy soils but that changed at day 21 and 30 where there were 
significant differences in the level of oil removal (p< 0.0001). For the zeolite-amended soils 
(S+C+B+Z), there were significant difference (p< 0.0001) between the oil removal level by 
the bacterial consortium in the clay and sandy soil at every sampled time during the period 
(Appendix III-Table III.5). 
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Figure 5.9 Bacterial growth and oil removal pattern in a sandy soil contaminated with 2.5% w/v crude oil soil with addition 
of zeolite incubated at 30 °C for a period of 30 days. Error bar represents SD of replicated experiments (n=3) 
 
However, a further comparism of the bacterial consortium population size and oil removal 
levels in and between clay and sandy soil treatments (S+C+B+Z and S+C+B) at the end of the 
investigation (T=30 day) were analysed. There were significant differences (p< 0.0001) in the 
bacterial population size of all the clay and sandy soil treatments except for Sandy soil 
(S+C+B) vs. Sandy soil (S+C+B+Z) treatment with no significant difference in terms of the 
bacterial population size (Appendix III-Table III.2).  The % oil removal in and between all 
the clay and sandy soil treatments (S+C+B+Z and S+C+B) showed significant differences (p< 
0.0001) at the end of the investigation (Appendix III-Table III.3). This indicates that the 
addition of zeolite to soils does enhance oil removal. 
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5.4.3 Gas chromatographic analysis 
Quantitative analyses of the residual oil extracted from the clay soil (Figure 5.10) and sandy 
soil (Figure 5.11) without zeolite augmentation and clay and sandy soil with zeolite 
amendments (Figure 5.12) were conducted using gas chromatographic analysis of the 
hydrocarbon extracted with hexane.  This was carried out to quantify the individual 
hydrocarbons present in the petroleum crude oil. The GC analyses identified aliphatic 
compounds with carbon numbers between C10-C28 (Figure 5.10 and 5.11). The reduction in 
the peak area and heights from the chromatograms from the various extracts is an indication 
of reduction in the concentrations of the extracts.  
 
Figure 5.10 Gas chromatographic profiles of residual oil extracted from clay soil spiked with 1.5% (w/v) crude 
(a) with addition of bacterial consortium on day 0. (b) With bacterial consortium on day 30. (c) Without bacterial 
consortium on day 0 (d) without bacteria on day 30 
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The chromatograms of degraded oil recovered from the clay soil treatments at the start of the 
investigation (T=0) and the end day 30 and controls are presented in Figure 5.10 while that of 
the sandy soil treatments and controls are presented in Figure 5.11. The reduction in the peak 
area and height from the residual oil extract from the clay soil where obviously lower than 
that of the sandy soil. 
 
	  
	  
	  
	  
	   	  
	  
	   	  
	  
	   	  
	  
	  
	  
	   	   	  
The chromatograms of degraded oil recovered from silty-clay and sandy soil amended with 
zeolite at various time intervals are presented in Figure 5:12. It shows the trend of oil 
reduction based on decrease in peak area and height of the individual hydrocarbon. 
 
Figure 5.11 Gas chromatographic profiles of residual oil extracted from sandy soil spiked with 1.5% (w/v) crude 
(a) with addition of bacterial consortium on day 0. (b) With bacterial consortium on day 30. (c) without bacterial 
consortium on day 0 (d) without bacteria on day 30 
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Figure 5.12 Chromatographic profiles of residual oil extract from the silty-clay (SC) and fine sand (FS) soils 
spiked with crude oil 2.5% (v/w) amended with zeolite (10 %w/w) and bacterial consortium after contamination 
(T0), 7 (T7), 14 (T14), 21 (T21) and 30 (T30) day 
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The peak areas from the hydrocarbon peaks were evaluated in relation to % removal of 
individual hydrocarbons.	  The quantitative analysis of the residual oil extracted from the silt-
clay soil amendments (S+C+B+Z) and (S+C+B) at day 30 (Figure 5.13) revealed that C10- 
C18 hydrocarbons were within the range of 92.1% - 57.7% and 80.4% - 44.8% degraded 
respectively. Hydrocarbon component (C24 and C25) from S+C+B+Z were degraded to mean 
percentage of 39.4% ± 0.9% and 28.1% ± 0.7% respectively while S+C+B were 23.4% ± 
0.8% and 19.0% ± 0.3% degraded.  Hydrocarbons (C26- C28) from both treatments showed 
low degradation rates.  Hydrocarbon components (C10- C18) from the quantitative analysis 
showed relatively high rates of degradation compared to (C24- C28). The control without 
bacterial consortium partially shows reduction in percentage of hydrocarbons C10- C16 with no 
significant % reduction in C26- C28  (P> 0.0001). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.13 GC analyses of residual crude oil extract from silt-clay soil not treated with zeolite but with 
bacteria, silt-clay soil treated with zeolite and bacteria and control soil not treated with zeolite and bacteria 
(control) at day 0 and day 30. Error bar represents SD of replicated experiments (n=3) 
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Similarly, extracts from sandy soil amendments (S+C+B+Z) and (S+C+B) at day 30 (Figure 
5.14) showed that hydrocarbons components C10- C18 were within the range 74% - 43.7% and 
69.4% - 42.8% degraded respectively. Hydrocarbon component (C24 and C25) from S+C+B+Z 
were degraded to mean percentage of 25.1% ± 1.0% and 22.0% ± 0.7% respectively while 
S+C+B were 20.4% ± 0.8% and 16.0% ± 0.3% degraded.  Hydrocarbons (C26- C28) from both 
treatments showed no significant degradation (P> 0.0001). The control without bacterial 
consortium partially shows reduction in percentage of hydrocarbons C10- C18 with no 
significant % reduction in C26- C28. Hydrocarbon components (C10- C18) from the quantitative 
analysis showed relatively high rates of degradation compared to (C24- C28) (P> 0.0001). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.14 GC analyses of residual crude oil extract from fine sand soil not treated with zeolite but with 
bacteria, fine sandy soil treated with zeolite and bacteria and control soil not treated with zeolite and bacteria 
(control) at day 0 and day 30. Error bar represents SD of replicated experiments (n=3)
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5.5 DISCUSSIONS: 
This laboratory investigation was conducted on the modelled Niger Delta soil based on their 
particle sizes. A preliminary investigation was first conducted on the soil using zeolite and 
bacterial consortium (Pseudomonas sp and Rhodococcus sp) to provide an understanding of 
the remediation processes and a further investigation on the influence of soil particle sizes on 
the modelled clay and sandy soil of the Niger Delta region using the zeolite and bacterial 
consortium (Pseudomonas aeruginosa, Rhodococcus sp, and Acinetobacter sp). Acinetobacter 
sp was included to this investigation to enhance the bioremediation process due to its 
utilization in previous studies. The choice of the 30 °C temperature of incubation of the soil 
treatments is a reflection of the average temperature of the Niger Delta region (Effiong and 
Ayolagba, 2010).  
These bacterial consortia used in the preliminary and main investigations had earlier been 
identified (Chapter 3) as capable of utilization of individual hydrocarbons as their sole 
carbon for growth and energy.  Previous studies (Abdel-Megeed et al., 2010) have utilized 
Pseudomonas spp in bioremediation of phenolic compounds in bioremediation of 
petrochemical waste -waters (Ojumu et al., 2004). A few studies have reported on the role of 
Rhodococcus spp in crude oil bioremediation. However, this author has not identified any 
studies utilizing a mixture of organisms with zeolite in the remediation of the soil 
environment of crude oil contaminants. 
In the preliminary investigation, the lack of apparent growth during the first 14 days by the 
bacterial consortium (Figure 5.3 & 5.5) in both soil amendments with and without zeolite 
could be attributed to the adaptation period to the soil environment. However, the earlier soil 
analysis (Chapter 4) showed that the available nitrogen/phosphorus in the soil was probably 
too low to support bacterial growth. Thomas et al., (1992) suggested that ratio of C: N: P 
needed to be able to sustain microbial activity should be 120:10:1. It was observed that the 
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total hydrocarbon to nitrogen and phosphorus in the soil samples used during this 
investigation was below the suggested ratio. Consequently, nutrient addition in the form of 
BSM on the 14th day (Figure 5.5) helped overcome this critical rate-limiting factor for the 
bacterial consortium in the contaminated soil environment. Also during this period, the 
bacteria did not increase in population size but the oil contents of the soil decreased 
substantially only in those soil treatments containing these non-growing bacteria would 
suggest that despite the bacteria not increasing in population size (partly due to lack of 
nitrogen or phosphorus) they still had the ability to metabolise hydrocarbons. However, this 
observation prompted the need to slightly modify the experimental design of the influence of 
soil structure on bioremediation experiment (Section 5.2.6) by using sterile BSM instead of 
sterile distilled to compensate for the moisture loss. The soils treatments with addition of 
zeolite had a higher bacteria population size at the end of the period of investigation (Figure 
5.3 & 5.8). This could be attributed to better aeration as a result of the size of the zeolite 
added to the soil which could have enhanced aeration (movement of oxygen) in the soil 
thereby increased the interfacial surface area and subsequently resulted to a higher 
degradation (Sharma and Pant, 2001). The zeolite particles are considered to be excellent 
carriers of bacteria, which enhance sludge activity in wastewater treatments. However, 
formation of bacterial layers on the zeolite surface is a slow process that could last for almost 
a week (Misaelide, 2011). The zeolite-clinoptilolite has been reported as a source of slowly 
release of potassium and nitrogen to the environment when needed and also act as water 
moderator, in which they can absorb up to 55% of the weight in water and slowly release it 
under the demand of plant and the ecosystem (Mumpton, 1999). This could probably justify 
why the zeolite treated soil had a higher bacterial population size during the period of the 
investigations. 
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At day 30 of the preliminary investigation the soil treated with zeolite had removed 79% of 
the oil while the un-treated soil with zeolite removed 67%. Soil amendment experiments 
showed more rapid and greater apparent oil removal with addition of bacterial consortium and 
clinoptilolite (Figure 5.4 & 5.5). Similar results were also observed when the modelled clay 
and sandy amended with and without zeolite were experimented (Figure 5.8 & 5.9). Oil 
removal was also observed in the soil, which was not treated with bacterial consortium but 
with zeolite (34%) and without both bacterial consortium and zeolite (16%). This removal 
could be attributed to abiotic factors either by volatilization or adsorption onto the particulate 
material. The pore diameters of zeolite are close to the critical dimensions of many 
hydrocarbon molecules there by allowing absorption of the molecules (Song et al., 2007). The 
soil environment determines the fate of PAHs in the environment. Organic contaminants may 
be accumulated within the soil the soil biota or be retained within the soil’s mineral organic 
matter fractions while others may be lost by volatilization or biodegradation (Reid et al., 
2000). This could have been responsible for the loss of the hydrocarbon contaminants from 
the control experiments. The fate of polluting oil in soil also depends on the amount of the oil 
spills’ and the time of exposure (Ijah and Antai, 2003). 
The quantitative analysis of the residual oil extracts during the preliminary investigation 
(Figure 5.7) shows greater reduction of C12 and C16 as compared to C26-C28. The hydrocarbon 
components C12 and C16 were degraded by bacterial consortium to 97% and 92% respectively 
from the zeolite amended soil while the soil not amended with zeolite had 78% and 88% 
removal. However, hydrocarbon components C24 - C28 where degraded by bacterial 
consortium to percentage mean of 36% and 29% respectively from the case of extracts 
amended with zeolite while without zeolite showed degradation of 33% and 27% respectively. 
However, further quantitative analysis of residual oil extract from the silt-clay and sandy soil 
amended with and without zeolite (Figure 5.13 & 5.14) clearly showed a high rate of 
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degradation for lighter hydrocarbon components (C10– C18) compared to the heavier ones (C24 
– C28) by the bacterial consortium. Hydrocarbon components (C10– C18) from both silty-clay 
and sandy soils amended with zeolite were degraded by the bacterial consortium to 92.1% - 
57.7% and 74% - 43.7% respectively, while the soils without zeolite showed degradation rate 
of 80.4% - 44.8% (silt-clay) and 69.4% - 42.8% (sandy). Hydrocarbon components (C24– C28) 
from both soils showed an apparent low rate of degradation (Figure 5.13 & 5.14). The 
observation that C10 – C18 hydrocarbons were easily and highly degraded than the C24 - C28 
further justifies the findings of Atlas and Barth, 1981 which explain that smaller carbon 
chains are promptly degraded before the more complex hydrocarbon. The biodegradation of 
petroleum crude oil components usually occurs in the following order: alkanes, branched 
alkanes, the aromatic compounds and cycloalkanes (Antai and Mgbomo, 1993). Alkanes of 
intermediate chain length (C10-C24) are degraded more rapidly while very long chain alkanes 
are increasingly resistant to microbial degradation (Atlas and Barth, 1981).  The control 
experiments of oil-contaminated soil without bacteria and zeolite amendments showed partial 
the lower hydrocarbon with C12 – C16. This oil removal could be attributed to abiotic factors 
either volatilization or adsorption onto particulate material. Zeolite is reported to remove 
contaminants by the process of sorption or retardation (Carmody et al., 2007). 
The fact that the different hydrocarbons in the residual oil were degraded at varying rates 
suggests that the bacterial consortium in the soil treatments utilized these hydrocarbons as 
preferential sources of carbon and energy. Also the addition of zeolite in the soil had 
enhanced the oil removal rate as demonstrated in Figure 5.7, as further justified in the 
quantitative analysis of the individual hydrocarbon components from both the silt-clay and 
sandy amended with zeolite (Figure 5.13 & 5.14). The silt-clay amended with zeolite showed 
a greater oil removal rate compared to the sandy soil. This also agreed with the findings of 
Song et al., 2007 who reported that clays and zeolite exhibits more effective adsorbents for a 
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number of organic contaminants. Leggo et al., (2006) utilized natural zeolite and their 
modified forms in the reduction of heavy metals and hazardous substances. Zeolites are 
widely used in the decontamination of the environment of polluted soils (Coppola et al., 
2003). Synthesized zeolite has also been reported to be used for photo-catalytic degradation of 
organic pollutants (Xamena et al., 2003). The high cation exchange capacity of zeolite has 
helped in the removal of toxic metals (Gennaro et al, 2004) whereas bacteria remove 
contaminants such as oil hydrocarbon by degradation Okoh, (2006). The schematic illustrated 
shown in (figure 5.13) explains what happens to the contaminants molecules when they come 
in contact with zeolite and bacterial consortium.  
 
 
 
 
 
 
 
 
 
Figure 5.13 schematic illustration of movement of contaminants molecule in contact with zeolite and 
bacteria consortium 
                                                                            (Source: Bowman, (2003), Microporous and Materials) 
 
Zeolite has the ability to contain contaminant e.g. oil spills preventing them from further 
pollution on land while the bacterial consortium gradually carry out the degradation process. 
The sorption reaction of contaminates is relatively fast but eventually the maximum capacity 
of the medium will be reached which was also observed in this investigation (Figure 5.) while 
the degradation of the contaminant by the bacterial consortium to a non-toxic compound is 
relatively slow (Bowman, 2002). The clay soil amendment zeolite (S+C+B+Z) showed a 
more rapid and greater extent and apparent oil removal by the bacterial consortium than the 
sandy soil amendments.  They had an oil removal of 83.7% ± 0.6% and 62.7% ± 0.7% from 
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the zeolite amended clay and sandy soil respectively. The granular nature of the zeolite used 
would have opened up the pore of the clay soil and provided better aeration of O2 for the 
bacterial growth thus enhanced the it’s oil removal rates. 
The soil type plays an important role in the fate of petroleum crude oil contaminant (Stemple 
et al., 2003). Bioremediation of contaminated silt-clay and sandy soils (S+C+B) had 72.6% ± 
0.6% and 55.9% ± 0.6% oil removal respectively at the end of the period of the investigation. 
The oil removal in the silt-clay soil was significantly greater than that of the sandy soil. The 
effective adsorbents nature of clay for a number of organic contaminants as compared to 
sandy soil would have been responsible for its efficiency Song et al. (2007). Clay has been 
reported to increase the rate of oil breakdown by bacterial digestion (Chaerum and Tazaki, 
2003). Also the colloidal size of clays has been reported to aid dispersion in hydrocarbon-
polluted environment (Meyer and Quinn, 1973; Owen and Lee, 2003). In addition, the low 
organic carbon of the sandy soil used in this investigation (Table 5.2) would have been 
responsible for its lower degradation rates as a result of lower bacterial population size as 
compared to the clay soil with a higher organic carbon. This further justifies previous authors 
findings that soils with sandy texture and low organic carbon results in poor microbial 
proliferation and diversity and so bring about lower degradation rates to clay soil (Tally et al, 
2002; Hejazi et al, 2004) 
Hydrocarbon breakdown is influenced by the soil environment, soil area, composition of 
surface fractions and reactivity (Scherr et al., 2007). The soil particle surfaces characteristic 
of clay and sandy particles used in this study was observed to play an important role in 
determine the distribution of hydrocarbon. The coarse particles of the sandy soil generally 
exhibit weak binding affinities of petroleum crude oil than the smaller particles of the clay as 
a result of decrease of surface area of larger particles. The clay has a non-homogeneous 
surface, which provides more sorption position for hydrocarbons and organic matter (Mott et 
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al, 1990). The high level of oil removal experienced in the amended clay soil as compared 
with the sandy soil could be associated with the increased bioavailability of this petroleum 
crude oil.  
5.6 INTERIM CONCLUSIONS: 
It is concluded that: 
• The bacterial consortia of (Pseudomonas sp + Rhodococcus sp) and (Pseudomonas 
aeruginosa, Rhodococcus sp, and Acinetobacter sp) can bioremediate oil 
contaminated soil. 
• Soil particle size composition significantly influenced the bacterial population size and 
oil removal from contaminated silt-clay and sandy soil composition  
• The addition of zeolites (clinoptilolite) significantly enhanced bacterial oil removal in 
the contaminated silt-clay and sandy soil. The oil-contaminated clay soil augmentation 
with zeolite had a better oil removal rates than the sandy soil treated with zeolite. 
• Biodegradation in a clay-contaminated soil showed a more efficient oil removal and 
bacterial population increase than in the sandy soil environment. 
• The lighter hydrocarbon components (C10– C18) were degraded more rapidly 
compared to the heavier ones (C24 – C28) by the bacterial consortium (in both the silt-
clay and sandy soil amended with and without zeolite).  
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CHAPTER 6 
6.1 GENERAL DISCUSSION 
The three screened bacterial isolates (Pseudomonas aeruginosa, Acinetobacter sp and 
Rhodococcus sp) for ability to grow on petroleum hydrocarbon and at varying temperature 
was key to this investigation. These bacterial isolates have been shown from previous studies 
to survive the Niger Delta environment (Ayotamuna et al., 2006).	   Identifying the warmest 
optimal temperature (30 oC) for the screened bacterial growth was also paramount to this 
investigation because it provided an understanding of the bacterial behaviour in a warm 
temperature and modelled environment of the Niger Delta. The ambient environment in the 
Niger Delta has a daily mean minimum and maximum temperature of 23 oC and 31.5 oC 
respectively (Ayotamuna et al., 2006). The growth of these bacteria was observed to have 
been influenced by hydrocarbon concentrations with regards to the study on hexadecane.	  
Aeration and agitation was observed to impact the level of bacterial growth and thus 
influenced bioremediation of petroleum hydrocarbon. This reflected in the methods employed 
in the growth of the bacteria, which influenced the choice of the shake flask method over the 
Bioscreen C Growth Analyzer. 
In other to evaluate bacterial oil bioremediation in soil environments and the difficulty in 
obtaining soil samples from the Niger Delta region, it was necessary to model the soil in the 
laboratory. A thorough literature search of the Niger Delta soils (Iwegbue et al., 2006; 
Akpokodje, 1987) and Hilton soil (Fullen et al., 2006), the Hilton soil from East Shropshire, 
UK was used to model the Niger Delta soil because of their similar characteristic based on the 
XRF and XRD analyses (Chapter 4). The modelled sandy and silty-clay used in this 
investigation were formulated based on their particle sizes composition were chosen based on 
that the two soil types are the most predominant soils in the Niger Delta region (Akpokdje, 
1987).  
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The preliminary investigation on the modelled soil using the bacterial consortium 
(Pseudomonas sp and Rhodococcus sp) and established that nitrogen/phosphorus in the soil 
was low to support bacterial growth, thus necessitated nutrient addition. However, further 
investigation on the effects of soils structures on bioremediation was conducted on the two 
modelled Niger Delta soil particle size composition (silt-clay and sandy) using the bacterial 
consortium (Pseudomonas aeruginosa, Rhodococcus sp, and Acinetobacter sp) and 
established that soil particle size composition significantly influenced the bacterial population 
size and oil removal in contaminated clay and sandy soil composition. The addition of zeolites 
significantly enhanced bacterial oil removal in both the modelled soil types. It was observed 
that, biodegradation in a silt-clay-contaminated soil showed a more efficient oil removal and 
bacterial population increase than in the sandy soil environment and that the addition of 
zeolites significantly enhanced bacterial oil removal in the contaminated clay and sandy soil. 
In addition, oil-contaminated clay soil augmentation with zeolite had a better oil removal rates 
than the sandy soil treated with zeolite. Oil was removed either by evaporation, volatilization 
or photo-oxidation without any form of bacterial and/or zeolite treatments. Quantitative 
analysis of the hydrocarbon components showed that the lighter hydrocarbon components 
(C10– C18) were degraded more rapidly compared to the heavier ones (C24 – C28) by the 
bacterial consortium (in both the silt-clay and sandy soil treatments with and without zeolite). 
It also established that the hydrocarbon components from the residual oil extract from the silt-
clay soil was more degraded as compared to the sandy soil. This result is in line with the 
findings of Atlas and Barth, 1981 that reported that alkanes of intermediate chain length (C10-
C24) are degraded more rapidly while very long chain alkanes are increasingly resistant to 
microbial degradation. 
An engineered bioremediation strategy from the observations and conclusion of this 
investigation could help achieve the accessed oil polluted agricultural lands in the Niger 
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Delta. This could be carried-out in situ by first accessing and evaluating the site of 
contamination to identify the nature and extent of contamination. Crude oil is composed of 
more than 10,000 hydrocarbons and other molecule (Terry, 2014), evaluating the oil 
contaminated site will help provide an understanding of what is to be done and how it should 
be carried-out. A laboratory assay of the microorganisms from the site sample will be carried-
out to identify microbes from the site with the potential to transform the contaminate. This 
would be optimized introducing growth –stimulating materials such as nutrients, oxygen 
through tilling the sites using machines e.g. ploughed and zeolite could be added and further 
tilled. The soil tillage would enhance aeration and the site can be optimized by spraying the 
soil with mineral nutrients to enhance the indigenous bacterial flora before introducing the 
bacterial consortium on the site to enhance the bioremediation. The agitation of the soil makes 
more oxygen available to the microorganism to grow and encourage biodegradation. Rhykerd 
et al., (1997) evaluated the impact of tillage, forced aeration and bulking agent on oil 
contaminated soil from an oil production site in east Texas. They reported that tilling of soil 
increased the rate and extent of remediation more than soil receiving forced aeration. At week 
12 of their investigation, the total petroleum hydrocarbon content in the treatment with the 
tilled soil decreased by 82% whereas same treatment without tilling decreased by 33%. 
Tillage has been reported to enhance remediation of soils contaminated with 
tetrachloroethylene, trichloroethylene and 1,1,1-trichloroethane (Kempton et al., 1992).  
 Rhykerd et al., (1997) evaluated the impact of tillage, forced aeration and bulking agent on 
oil contaminated soil from an oil production site in east Texas. They reported that tilling of 
soil increased the rate and extent of remediation more than soil receiving forced aeration. At 
week 12 of their investigation, the total petroleum hydrocarbon content in the treatment with 
the tilled soil decreased by 82% whereas same treatment without tilling decreased by 33%. 
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Tillage has been reported to enhance remediation of soils contaminated with 
tetrachloroethylene, trichloroethylene and 1,1,1-trichloroethane (Kempton et al., 1992).  
Addition of nutrient is also essential because oil pollution results in an imbalance in the 
carbon-nitrogen ratio at the site of the contamination, because crude oil is basically a mixture 
of carbon and hydrogen. A nitrogen deficiency could result in such a site, which may retard 
the growth of bacteria. It may also promote evaporation as well as loss of volatile and other 
petroleum components. The bacterial consortium could be introduced in the liquid form or in 
the powdered form and sprayed onto the soil. A soil tillage rate of 2-4 should be maintained 
(Ayotamuna et al., 2006). For sites with oil spills, stocked bags of zeolite could be use to 
contain the flow of the oil preventing further contamination before the introduction of the 
bacterial consortium on it Bowman, (2003). Zeolites have been reported to be widely used in 
the decontamination of the environment of polluted soils (Oste at al., 2002; Coppola et al., 
2003). 
 Guerin, (2000) carried out an investigation on soil from a former creosoting plant containing 
phenols and polycyclic aromatic hydrocarbons and was able to remediate the contaminated 
soil using a bioremediation processes involving soil mixing, aeration and addition of fertilizer. 
At the end of the investigation the 290 mg/kg PAH and 40mg/kg of phenol was reduced to 
<200 mg/kg and 2 mg/kg respectively. (Ayotamuna et al., 2006) utilized a combination of 
treatments consisting of the application of fertilizers and oxygen exposure on a Niger Delta 
agricultural-soil contaminated with crude oil. At the end of the six weeks period of evaluation, 
it was reported that there was a reduction by 95% of the total hydrocarbon content as a result 
of nutrient addition.  
6.2 GENERAL CONCLUSIONS 
This understanding of the biodegradability potential of bacteria and zeolite addition in 
modelled soils was very important for recommending and developing an effective but 
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affordable bioremediation strategy for cleaning up oil spills that challenge communities in the 
Niger Delta, Nigeria (Diplock et al. 2009). Zeolite (clinoptilolite) was observed to enhance oil 
removal during the investigation possibly a consequence of its ability to contain oil spill by 
the process of sorption or retardation from further pollution (Carmody et al., 2007; Song et 
at., 2007). In addition, the granular nature of the zeolite used may have helped to open up the 
pore of the clay soil and provided better aeration of O2 for the bacterial growth thus enhancing 
the it’s oil removal rate. The soil type played an important role in the fate of petroleum crude 
oil contaminant, which was observed from the quantitative analysis of the residual 
hydrocarbon components extracts from both the silt-clay and sandy soil (Stemple et al., 
2003). The lighter hydrocarbon components (C10– C18) were degraded more rapidly compared 
to the heavier ones (C24 – C28) by the bacterial consortium (in both the silt-clay and sandy soil 
amended with and without zeolite).  
The complexity of the Niger Delta region in terms of the vegetation, wetlands, creeks, coastal 
barrier sandy ridge, mangrove swamp, freshwater swamp, and lowland rainforest and small 
islands and how to access the oil spillages sites of could pose a challenge to the effective 
implementation of the bioremediation strategy. Oil spills in the region has been reported in 
very difficult areas such as creeks, vegetation and accessing the contaminated site is key to 
the success of the investigation (Francis et al., 2011).  
Conclusively, simply showing that these bacteria grown in the laboratory have the ability to 
degrade hydrocarbon contaminants is not enough but does provide an understanding of their 
growth and survival in the presence of oil-containing soils. What happens most especially in 
situ or under oil contaminated site conditions is very important to the success of the 
bioremediation. Oil spills have significant impact on vegetation, water supply, and marine life 
and local livelihoods dependent on agriculture (EIA 2003). The people’s predominant 
occupation in the Niger Delta region is agriculture and fishing (Francis et al., 2011). To be 
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able to reclaim back some of the oil polluted lands for agricultural purposes could greatly 
enhance livelihood and the ecological state of the region. This research investigation has laid 
the fundamental foundation for further in situ bioremediation application of the recommended 
strategies in the Niger Delta region. 
6.3 RECOMMENDATIONS 
The following recommendations from the investigation are suggested as a strategy for 
effective bioremediation in the Niger Delta region: 
• Bioremediation should be applied during the dry season because of the wet nature of the 
Niger Delta region. In other to enhance the tillage of the soil and to improve the soil aeration 
because wet soil induces anaerobic conditions that could delay bioremediation processes  
• Stock bags of zeolite (Clinoptilolite) should be used as a barrier in the Niger Delta region 
to contain oil spills, which could prevent further contamination of oil from flowing into the 
streams, rivers. 
• Application of zeolite to an oil contaminated soil site and soil tillage method should be 
employed to achieve an accelerated biodegradation. A granular nature (pellet) of zeolite can 
be used to help open up the pore of the silt clay soil and provided better aeration of O2 for the 
bacterial growth thus enhanced the it’s oil removal rates  
• Nutrient like sterile BSM or fertilizers should be used to biostimulate the oil 
contaminated soil of indigenous microbial flora and engineered bacterial consortium could be 
applied on to the site in powder form or liquid form by sparing to enhance biodegradation. 
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APPENDIX 1 
Table I. 1 Screened bacteria for hydrocarbon degradation for a period of 7 days at varying temperatures using 
the plate methods 
 
Media was incubated in plates (+) positive growth and (-) negative grown 
  
Table I. 2 shows the preparation of solution of 10ml BBM+ hexadecane to be used during the Bioscreen 
experiment 
 
Final Percentage 
concentration of 
hydrocarbon expected % 
(v/v) 
 
Equivalent Volume of 
inoculum in 10mls solution 
(ml) 
Volume of BBM Solution 
BBM = (10ml – Inoculum -
Hydrocarbon) 
(ml) 
Volume of 
hydrocarbon 
(ml) 
0.0             0.67 9.33 0.00 
0.5 0.67 9.28 0.05 
1.0 0.67 9.23 0.10 
2.0 0.67 9.13 0.20 
 
Table I. 3 shows the volume of each solution to be pipetted into the plate well in line with the specific 
hydrocarbon concentration 
 
Percentage concentration of 
hydrocarbon % (v/v) 
Volume of inoculum used 
(µl) 
Volume of BBM Solution 
(µl) 
0.0             20 280 
0.5 20 280 
1.0 20 280 
2.0 20 280 
 
25ºC 30ºC 37ºC 40ºC 50ºC Bacteria code/ 
Names TSA HEX SB TS
A 
HEX SB TS
A 
HE
X 
SB TS
A 
HE
X 
SB TS
A 
HE
X 
SB 
575 + + - + - - + - - + - - - - - 
576 + + - + - - + - - + - - - - - 
405 + + + + + - + + - + - - - - - 
401 + + + + + + + + - + - - - - - 
238 + + + + + - + + - + - - - - - 
413 + + - + + - + + - + - - - - - 
545 + + - + + - + + - + - - - - - 
546 + - - + - - + - - + - - - - - 
405 + + + + - - +  - + - - - - - 
476 + + + + - - + + - + - - - - - 
475 + + + + + + + + + + - - - - - 
GP + + + + + + + + + + - - - - - 
Rhodococcus sp + + + + + + + + + + - - - - - 
Pseudomonas 
aeruginosa  
+ + + + + + + + + + - - - - - 
Pseudomonas sp + + + + + + + + + + - - - - - 
Bacillus sp + - + + + - + - - + - - - - - 
Bacillus sp + + + + + + + + - + - - - - - 
Enterobacter 
sakasaki 
+ + + + + + + + - + - - - - - 
Acinetobacter sp + + + + + + + + - + - - - - - 
Geobacillus 
sterothermophilus 
- - - + - - + - - + - - + - - 
Bacillus 
sterothermophilus 
- - - + - - + - - + - - + - - 
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 Growth Calculation and Analysis  
 
The growth rate constant and mean generation time of the bacteria isolates where calculated using 
Calculation I.1: Growth rate constant (µ) = (log10 OD2 log10 OD1) (2.303) 
                                                                                       (t2 – t1) 
Calculation I.2: Mean generation time (g) = In 2 
                                                                            µ 
Where OD is the optical density and t, time difference 
 
Example I.1: Illustrate how the growth rate constant and mean generation time of Pseudomonas aeruginosa was 
determined (from Figure 3.2) as shown in Table 3.2 in the main text. 
 
Considering two points on the typical graphical representative (2.0% hexadecane) concentration (see Figure 3.2) 
Parameters: 
Optical density:  OD2: 0.38 and OD1: 0.22 
Time (hours):  t2: 30 h and t1: 14 h 
Growth rate constant (µ) = (Log10 0.36 – Log10 0.22) (2.303) 
                                                    (30 – 14) 
                                            =  0.2139 X 2.303 
                                                          16 
                                       (µ) = 0.031h-1 
 
Mean generation time (g)    =   In 2 
                                                      µ 
                                           =      0.693 
                                                   0.031 
                                         (g) = 22.353 h 
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APPENDIX II 
Table II. 1a shows the mineralogical composition of the different particle sizes from the XRD analysis. 
 
 Table II.1b Shows the physiochemical properties of the different Hilton soil particle sizes 
 
Results represent the mean±standard deviation of three replicates 
 
 
 
 
 
Physiochemical    properties  
Particle Size 
(mm) 
pH Organic Carbon 
(%) 
Nitrogen 
 (%) 
Available PO4 
(ppm) 
< 0.063 6.73 ± 0.20 26.4 ± 0.3 0.17 ± 0.01 1.6 ± 0.2 
0.063 – 0.125 6.70 ± 0.28 21.6 ± 0.1 0.16 ± 0.02 1.6 ± 0.2 
0.125 – 0.250 6.63 ± 0.13 18.3 ± 0.2 0.13 ± 0.02 1.4 ± 0.1 
0.250 – 0.500 6.67 ± 0.34 19.6 ± 0.4 0.13 ± 0.01 1.4 ± 0.3 
0.500 – 1. 000 6.61 ± 0.19 17.3 ± 0.3 0.12 ± 0.03 1.1 ± 0.2 
1.000 – 2.000 6.58 ± 0.22 16.1 ± 0.4 0.11 ± 0.02 1.1 ± 0.5 
Particle sizes 
(mm) 
Card ID Match 
Score 
Record 
mean Score 
I (%) Displ (µm) Formula 
 
 
 
< 0.063 
 
05-0490 
03-0418 
03-0447 
19-1227 
41-1443 
 
27.68 
11.44 
9.74 
13.39 
7.00 
 
0.77 
0.42 
0.44 
0.20 
0.28 
 
43 
4 
8 
7 
10 
 
70 
131 
-51 
-51 
-42 
 
SiO2 
Ca-Mg-Al-Si-O 
AlPO4 
(K,Na) (Si3Al) O8 
MgF2 
 
 
 
 
0.063 – 0.125 
 
 
 
03-0444 
42-1478 
03-0447 
26-0316 
41-1476 
 
19.25 
12.93 
9.25 
10.92 
5.33 
 
0.52 
0.23 
0.42 
0.27 
0.48 
 
7 
14 
14 
8 
8 
 
-99 
62 
12 
30 
-4 
 
SiO2 
Ca4Al6012SO4 
AlPO4 
CaMnSi4O10 
KCl 
 
 
 
 
0.125 – 0.250 
 
 
03-0444 
03-0447 
42-1478 
03-0452 
36-1377 
 
21.48 
10.79 
13.18 
9.80 
1.87 
 
0.58 
0.49 
0.23 
0.29 
0.62 
 
4 
7 
5 
7 
2 
 
-34 
91 
8 
-112 
70 
 
SiO2 
AlPO4 
Ca4Al6O12SO4 
FeP04.2H20 
Mg0.9Mn0.10 
 
 
 
 
0.250 – 0.500 
 
 
03.0444 
03.0447 
36-1377 
42.0429 
03-1177 
 
20.60 
10.43 
2.23 
4.82 
2.78 
 
0.56 
0.47 
0.74 
0.10 
0.17 
 
3 
7 
1 
6 
1 
 
-37 
12 
20 
-46 
-17 
 
SiO2 
AlPO4 
MgO.9Mn0.10 
Fe4(PO4)3(OH)3 
AlMn8.4 
 
 
 
 
0.500 – 1.000 
 
 
03-0444 
03-0447 
26-0316 
36-1377 
23-0493 
 
 
19.73 
10.85 
10.79 
2.26 
2.98 
 
0.53 
0.49 
0.26 
0.75 
0.27 
 
4 
10 
5 
2 
7 
 
-75 
12 
-4 
-26 
40 
 
SiO2 
AlPO4 
CaMnSi4O10 
MgO.9MnO.10 
K2O 
 
1.000 – 2.000 
 
 
 
05-0490 
03-0418 
03-0447 
36-1377 
06-0695 
 
29.85 
13.77 
10.14 
2.36 
3.62 
 
0.83 
0.51 
0.46 
0.79 
0.33 
 
43 
3 
7 
2 
2 
 
73 
131 
-64 
-125 
-54 
 
SiO2 
Ca-Mg-Al-Si-O 
AlPO4 
MgO.9MnO.10 
Fe3Al 
 
105 
	   	  
Table II. 2 Shows the elemental concentration present in the modelled clay and sandy soil type 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table II. 3 Shows the elemental concentration of zeolite (clinoptilolite) 
 
 
 
 
 
 
 
 
 
Elemental concentration 
 (%) 
Element 
Clay Sandy 
Sr 0.00595 0.00407 
Y 0.00172 0.00092 
Zr <0.050 <0.050 
Nb <0.0011 <0.00074 
Mo <0.0030 <0.0037 
Ag <0.00069 <0.00060 
Cd <0.00088 <0.0011 
In <0.00083 <0.00071 
Sn <0.0019 <0.0018 
Sb <0.0011 <0.0011 
Te <0.0020 <0.0020 
I <0.0030 <0.0034 
Cs <0.0046 <0.0049 
Ba 0.0357 0.0262 
La <0.0097 <0.0100 
Ce <0.013 <0.013 
Hf 0.00052 0.00051 
Ta 0.00381 0.00292 
W 0.00248 <0.00056 
Hg <0.00028 0.00018 
Ti <0.00027 <0.00021 
Pb 0.00895 0.00326 
Bi <0.00024 0.00016 
Th 0.00077 0.00025 
U <0.00063 <0.00048 
Elemental concentration  
(%) 
Element 
Clay Sandy 
Na 0.82 0.51 
Mg 0.576 0.495 
Al 4.456 3.263 
Si 37.03 46.15 
P 0.1016 0.0708 
S 0.1519 0.1148 
CI 0.01281 0.01205 
K 1.297 0.865 
Ca 0.4908 0.3162 
Ti 0.2904 0.1158 
V 0.00335 <0.0017 
Cr 0.0075 0.00384 
Mn 0.0456 0.0224 
Fe 2.086 1.031 
Co <0.0027 <0.0019 
Ni 0.00366 0.00341 
Cu 0.00215 0.00112 
Zn 0.00845 0.00298 
Ga 0.00088 0.0006 
Ge 0.00021 <0.00015 
As 0.00085 0.0004 
Se 0.00008 <0.00009 
Br 0.00087 0.00027 
Rb 0.00766 0.00519 
Element Element 
Concentration 
% 
Na < 0.17 
Mg < 0.027 
Al 0.1997 
Si 5.906 
P < 0.00072 
S 0.00571 
Cl 0.06597 
K 0.984 
Ca 0.4327 
Ti 0.0508 
V < 0.0011 
Cr 0.00137 
Mn 0.0125 
Fe 0.9234 
Co < 0.0015 
Ni 0.00226 
Element Element 
Concentration 
% 
Cu 0.00080 
Zn 0.00262 
As 0.00019 
Se < 0.00008 
Rb 0.01144 
Sr 0.06314 
Zr < 0.050 
Mo < 0.0021 
Cd < 0.0014 
Sn < 0.0017 
Sb < 0.0011 
Ba 0.0317 
W < 0.00042 
Hg < 0.00019 
Pb 0.00065 
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APPENDIX III 
Table III.1 Statistical analysis comparing residual oil extracted from various soil treatments.  
 (Preliminary investigation) 
 
 
 
 
 
 
 
 
 
 
Table III.2 statistical analyses comparing bacterial cell growth from the different soil treatments and 
 types at day 30 of the investigation 
 
 
 
 
 
 
 
 
 
 
 
 
n/s stands for no significant difference in the % oil remaining comparing the various treatments in both clay  
And sandy soil 
 
Table III.3 statistical analysis comparing percentage oil removals residual from the different soil  
treatments and types at day 30 of the investigation 
 
 
 
 
 
 
Table III.4 Compares the level of significance of the oil removal between the crude  
Oil- contaminated silt-clay and sandy soil (S+C+B) during the period of investigation.  
 
 
 
N/s stands for no significant difference in the % oil remaining comparing the various treatments in both  
silt-clay and sandy soil. 
Residual oil extract from soil treatments P-value 
Soil with zeolite + bacterial consortium / Soil without zeolite & bacterial consortium 0.0013 
Soil with zeolite + bacterial consortium / Soil with zeolite &without bacterial consortium < 0.0001 
Soil without zeolite & bacterial consortium / Soil with zeolite & without bacterial 
consortium 
< 0.0001 
Soil with zeolite  & without bacterial consortium / Soil without zeolite & without bacterial 
consortium 
< 0.0001 
Comparing the cell population from the different soil types and 
treatments 
Level of Significance 
Clay soil (S+C+B) vs. Sandy soil (S+C+B) < 0.0001 
Clay soil (S+C+B) vs. Clay soil (S+C+B+Z) < 0.0001 
Clay soil (S+C+B) vs. Sandy soil (S+C+B+Z) < 0.0001 
Sandy soil (S+C+B) vs. Clay soil (S+C+B+Z) < 0.0001 
Sandy soil (S+C+B) vs. Sandy soil (S+C+B+Z) n/s 
Clay soil (S+C+B+Z) vs. Sandy soil (S+C+B+Z) < 0.0001 
Comparing the oil removal from the different soil types and 
treatments 
Level of Significance 
Clay soil (S+C+B) vs. Sandy soil (S+C+B) < 0.0001 
Clay soil (S+C+B) vs. Clay soil (S+C+B+Z) < 0.0001 
Clay soil (S+C+B) vs. Sandy soil (S+C+B+Z) < 0.0001 
Sandy soil (S+C+B) vs. Clay soil (S+C+B+Z) < 0.0001 
Sandy soil (S+C+B) vs. Sandy soil (S+C+B+Z) < 0.0001 
Clay soil (S+C+B+Z) vs. Sandy soil (S+C+B+Z) < 0.0001 
Period of oil removal: Clay soil vs Sandy soil 
(Days) 
 Level of Significance 
0 n/s 
7 n/s 
14 n/s 
21 < 0.0001 
30 < 0.0001 
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Table III.5 Compares the level of significance of the oil removal between the crude oil- contaminated  
Silt-clay and sand soil (S+C+B+Z) during the period of investigation.  
Period of oil removal: Clay soil vs Sandy soil 
(Days) 
 Level of Significance 
0 n/s 
7 < 0.0001 
14 < 0.0001 
21 < 0.0001 
30 < 0.0001 
n/s stands for no significant difference in the % oil remaining comparing the various treatments in both silt-clay  
and sandy soil 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
108 
	   	  
REFERENCES 
Abdel-Megeed, A., Al-Hardi, N. and Al-Deyad, .S. (2010) Hexadecane degradation by bacterial strains 
isolated from contaminated soils. African Journal of Biotechnology, 44:1684-5315. 
Abu, G.O. and Dike, P.O (2008) A study of natural attenuation processes involved in a microcosm 
model of a crude oil impacted wetland sediment in the Niger delta. Biresources Technology 9: 4761-
4767 
Aggarwal, P.K., Means, J.L., Hinchee, R.E., Headington, G.L and  Gavaskar, A.R (1990). Methods to 
select chemicals for in-situ biodegradation of fuel hydrocarbons. Florida: Tyndall AFB, Air Force 
Engineering and Services Center: 
Aldrett, 1., Bonner, S., Mills, J.S., Autenrieth, M.A., Stephens, R.L. (1997). Microbial degradation of 
crude oil in marine environments tested in a ask experiment. Water Research, 31: 2840-2848. 
Allard, A.S and Neilson, A.H. (1997) Bioremediation of organic waste sites: a critical review of 
microbiological aspects. International Biodeterioration and Biodegradation, 39:  253-285 
Allieri, A., Lead, J. and Rodrı´guez-Va´zquez , R. (2005) Impact of microbial activity on copper, lead 
and nickel mobilization during the bioremediation of soil PAHs. Chemosphere, 61: 448–91. 
Alvarez, H.M., (2010) Biology of Rhodococcus. Springer.380 
Alvarez, H.M., Silva, R.A., Herrero, M., Hernandez, M.A and Villalba, M.S. (2013) Review: 
Metabolism of triacylglycerols in Rhodococcus species: insights from physiology and molecular 
genetics Journal of Molecular Biochemistry 69-78 
Amellal, N., Portal, J.M. and Berthelin, J. (2001). Effect of soil structure on the bioavailability of 
polycyclic aromatic hydrocarbons within aggregates of a contaminated soil. Applied Geochemistry, 
16: 1611-1619. 
Andreoni, V., Gianfreda, L. (2007) Bioremediation and monitoring of aromatic-polluted habitats.  
Applied Microbiology Biotechnology, 76: 287–308. 
Antizar-Ladislao, B. and Lopez-Real, J.M. and Beck, A.J. (2006) Bioremediation of polycyclic 
aromatic hydrocarbon (PAH) contaminated waste using composting approaches. Critical Review 
Environmental Science Technology, 34: 249– 89. 
Antizar-Ladislao, B. and Lopez-Real, J.M. and Beck, A.J. (2004) In-vessel composting–
bioremediation of aged coal tar soil: effect of temperature and soil/green waste amendment ratio 
Environment International, 31: 173– 178. 
Antai, S.P. and Mgbomo, E. (1993). Pattern of Degradation of Bonny light crude oil by Bacillus Spp. 
and Pseudomonas Spp isolated from oil spilled site W.A.J. Biological Applied Chemical. 38: 16-20. 
ASTM (American Society for Testing and Materials), 1999. Annual book of ASTM standards Section 
4, Construction. Soil and Rock, vol. 4.08, ASTM, Philadelphia, PA. 
Atlas, R.M.  and Barth (1981) Microbial degradation of petroleum hydrocarbons: an environmental 
perspective. Microbiol Review. 45: 180 - 209 
Atlas, R.M. and Bartha, R. (1973) Fate and effects of polluting petroleum in the marine environment. 
109 
	   	  
Residue Review 49: 49-83. 
Atlas, R.M and Philip, J. (2005) Bioremediation. Applied Microbial Solutions for Real-World 
Environmental Cleanup. ASM Press. 
Akpokodgje, E.G. (1987).  The engineering – geological characteristic and classification of the 
superficial soils of the Niger delta. Journal of Engineering Geology, 193-211. 
Ayotamuno, M.J., Kogbara, R.B., Ogaji, S.O.T and Probert, S.D. (2006) Bioremediation of a crude oil 
polluted agricultural-soil at Port Harcourt, Nigeria. Applied Energy. 83: 1249-1257. 
Ball, D .F.,(1964).Loss-on-ignition as an estimate of organic matter and organic carbon in non-
calcareous soil. Journal Soil  15,84-92. 
 
Barathi, S. and Vasudevan, N (2001) Utilization of petroleum hydrocarbons by Pseudomonas 
fluorescence isolated from a petroleum-contaminated soil. Environmental Geochemistry. 26: 413-416. 
Barnell, W.O and Conway,T. (1990) Sequence and genetic organization of Zymomonas mobilis gene 
cluster that codes several enzymes of glucose metabolism. Journal Bacteriology, 172: 7227-7240. 
Battey, A.S and Schaffner, D.W (2001) Modelling bacterial spoilage in cold-filled ready to drink 
beverages by Acinetobacter calcoaceticus and Gluconobacter oxydans. Journal of Applied 
Microbiology. 91: 237-247. 
Bento, F.M., Camargo, F.A.O., Okeke, B.C., Frankenberger, W.T. (2005) Comparative bioremediation 
of soils contaminated with diesel oil by natural attenuation, biostimulation and bioaugmentation. 
Bioresource Technology 96: 1049-1055. 
Bhupathiraju, V.K., Krauter, P., Holman, H.Y.N., Conrad, M.E., Daley, P.F., Templeton, A.S., Hunt, 
J.R., Hernandez, M., Alvarez-Cohen, L., (2002) Assessment of in-situ bioremediation at a refinery 
waste contaminated site and an aviation gasoline contaminated site. Biodegradation. 13: 79–90. 
Bordoloi, N.K., and Konwar, B.K., (2008). Microbial surfactant-enhanced mineral oil recovery under 
laboratory conditions. Colloids Surface. B 63: 73–82. 
Bowman, R.S. (2003).  Applications of surfactant-modified zeolites to environmental remediation.  
Microporous and Mesoporous Materials, 61: 43–56 
Breck, D.W (1974) Zeolite Molecular Sieves, John Wiley, NewYork.  
Bundy, J.G., Paton, G.I. and Campbell, C.D. (2004) Microbial communities in different soil types do not 
converge after diesel contamination. Journal Applied Microbiology. 92: 276-288. 
Caldwell, M.E., S.Tanner, R.S., and Sufita, J.M.(1999) Microbial Metabolism of Benzene and the 
Oxidation of Ferrous Iron under Anaerobic Conditions: Implications for Bioremediation. Anaerobe. 5: 595-
603.  
Cameotra, S.S. and Singh, P. (2008) Bioremediation of oil sludge using crude biosurfactants 
International Biodeterioration & Biodegradation 62: 274–280. 
Cantrell, K.J., Martin, P.F., and Szecsody, J.E. (1994) in: Proceedings, In Situ Remediation: Scientific 
Basis for Current and Future Technologies Symposium. Thirty-Third Hanford Symposium on Health 
and the Environment, Richland,WA:  839. 
110 
	   	  
Carmody, O., Frost, R., Xi, Y., and Kokot, S., (2007) Adsorption of hydrocarbon on organo-clays-
Implication for oil spill remediation. Journal of Colloid and Interface Science 305: 17-24 
Casellas, M.; Grifoll, M.; Bayona, J.M.; Solanas, A.M. (1997) New metabolites in the degradation of 
fluorene by Arthrobacter sp. strain F101. Applied Environmental. Microbiology. 63: 819-826. 
Chaerun, S.K. and  Tazaki, K., (2005) How kaolinite plays an essential role in remediating oil polluted 
seawater. Clay Mineral. 40: 481–491. 
Chaillan, F., Le Flèche, A., Bury, E., Phantavong, Y., Grimont, P., Saliot, A. and Oudot, J. (2004) 
Identification and biodegradation potential of tropical aerobic hydrocarbon degrading microorganisms. 
Research Microbiology. 155: 587–595. 
Choi, K.Y., Zylstra, G.J., and Kim, E. (2006) Benzoate Catabolite Repression of the Phthalate 
Degradation Pathway in Rhodococcus sp. Strain DK17. Applied Environmental Microbiology: 73. 
1370–1374  
Chen, Q., Bao, M., Fan, X., Liang, S. and Sun, P. (2013) Rhamnolipids enhance marine oil spill 
bioremediation in laboratory system. Marine Pollution Bulletin. 71:1-2 
Chen, N.Y. Degnan, T.F. and Smith, C.M. (1994) Molecular Transport and Reaction in Zeolites, VCH 
Publishers, New York. 
Churchman, G.J., Gates, W.P., Theng, B.K.G., and Yuan, G. (2006) Clays and clay minerals for 
pollution control.  (Eds.), Handbook of Clay Science: Developments in Clay Science, 1: 625–675. 
Coppola, E.I., Battaglia, G., Bucci, M., Ceglie, D., Colella, A., Langella, A., Buondonno, A., Colella, 
C., 2003. Remediation of Cd- and Pb-polluted soil by treatment with organozeolite conditioner. Clays 
and Clay Minerals, 51: 609– 615. 
Curtis, F., Lammey, J., (1998) Intrinsic remediation of a diesel fuel plume in Goose Bay, Labrador, 
Canada. Environmental Pollution. 103: 203–210. 
Cunningham, J.A., Rahme, H., Hopkins, G.D., Lebron, C., Reinhard, M. (2001). Enhanced in situ 
bioremediation of BTEX-contaminated groundwater by combined injection of nitrate and sulphate. 
Environment. Science Technology. 35: 1663–1670. 
Czaplewski, K. F., Reitz, T.L., Yoo JoongKim, Y.J., and Randall Q. Snurr, R.Q.(2002) One-
dimensional zeolites as hydrocarbon traps. Microporous & Mesoporous Materials, 56: 55–64 
Das, N. and Chandran, P.(2010) Microbial Degradation of Petroleum Hydrocarbon Contaminants: An 
Overview. Biotechnology Research International. 1-13. 
Das, K. and Mukherjee, A.K. (2007) Crude petroleum-oil biodegradation efficiency of Bacillus 
subtilis and Pseudomonas aeruginosa strains isolated from a petroleum-oil contaminated soil from 
North-East India. Journal of Bioresource Technology, 98: 1339- 1345. 
Daverey, A. and Pakshirajan, K. (2009) Production of sophorolipids by the yeast Candida bombicola 
using simple and low cost fermentative media. Food Research International. 4: 499–504. 
Deghani, M., Taatizadeh, S.B. and Samaei, M.R. (2013) Biodegradation of n-Hexadecane in 
Acinetobacter Radioresistens Liquid Culture. Health Scope 3: 162-167 	  
111 
	   	  
De Jonge, H., Freijer, J.I., Verstraten, J.M., Westerveld, J., and Van Der Wielen, F.W.M., (1997). 
Relation between bioavailability and fuel oil hydrocarbon composition in contaminated soils. 
Environmental Science and Technology 31: 771-775. 
Del’ Arco, J.P and de Franca, F.P (2001) Influence of oil contamination levels on hydrocarbon 
biodegradation in sandy sediment. Environmental Pollution. 110: 515-519 
Del Panno, M.T., Morelli, I.S., Engelen, B. and Berthe-Corti, C. (2005) Effect of petrochemical sludge 
concentrations on microbial communities during soil bioremediation. FEMS Microbiology Ecology.  
53: 305-316 
Delille, D., Coulon, F., and Pelletier, E (2004). Effects of temperature warming during a 
bioremediation study of natural and nutrient-amended hydrocarbon-contaminated sub-Antarctic soils. 
Cold Region Science Technology, 40: 61-70. 
Devinny, J.S. and Islander, R.L. (1998) Hazard. Waste Hazard. Material. 6: 421. 
Diplock, E. E., Mardlin, D. P., Killham, K. S. and Paton, G. I. (2009) Predicting bioremediation of 
hydrocarbons: Laboratory to field scale. Environmental Pollution, 157: 1831-1840. 
Durant, N.D., Jonkers, C.A.A., Bouwer, E.J. (1997) Spatial variability in the naphthalene 
mineralization response to oxygen, nitrate, and orthophosphate amendments in MGP aquifer 
sediments. Biodegradation 8: 77–86. 
Dyer, M., Heiningen, E.V., Gerritse, J. (2003) A field trial for in-situ bioremediation of 1,2-DCA. 
Engineering Geology. 70: 315–320. 
Effiong, G.S and Ayolagha, G.A.(2010) Characteristic constraints and management of Mangrove soils 
for sustainable crop production. Electronic Journal of Environmental, Agriculture and Food 
Chemistry, 9:  977-990. 
El Fantroussi, and S., Agathos, S. (2005) Is bioaugmentation a feasible strategy for pollutant removal 
and site remediation? Current Opinion in Microbiology, 8: 268-275. 
Environment Agency (2005) The UK Approach for Evaluating Human Health Risks from Petroleum 
Hydrocarbons in Soils. Science Report, 22: 1-22. 
Energy Information Administration (EIA). 2003. Country analysis briefs: Nigeria 
www.eia.doe.gov/emeu/cabs/nigenv.html 
Farhadian, M., Vachelard , C., Duchez ,D., Larroche, C. (2008) In situ bioremediation of 
monoaromatic pollutants in groundwater: A review. Bioresource Technology 99: 5296–5308. 
Folsom, B.R.; Schieche, D.R.; DiGrazia, P.M.; Werner, J.; Palmer, S. (1999) Microbial desulfurization 
of alkylated dibenzothiophenes from a hydro desulfurized middle distillate by Rhodococcus 
erythropolis Applied Environmental. Microbiology. 65: 4967-4972.  
Francis, P., Deirdre, L. and Paula, R. (2011). Securing Development and Peace in the Niger Delta: A 
social and Conflict analysis for change. Woodrow Wilson International Centre for Scholars, 1-178. 
Fritsche, W. and Hofrichter, M. (2000) Aerobic degradation by microorganisms,” in Environmental 
Processes- Soil Decontamination, J. Klein, Ed.,: 146–155, Wiley-VCH, Weinheim, Germany,  
112 
	   	  
Frutosa, F.J.G., Péreza, R.,Escolanoa, O., Rubiob, A. Gimenob, A. Fernandezc, M.D., Carbonellc, G. 
Peruchad, C. and Lagunad , J. (2012) Remediation trials for hydrocarbon-contaminated sludge from a 
soil washing process: Evaluation of bioremediation technologies. Journal of Hazardous Materials , 
200: 262– 271. 
Fullen, M.A., Booth, C.A and Brandsma, R.T. (2006) Long-term effects of grass ley set-aside on 
erosion rates and soil organic matter on sandy soils in east Shropshire, UK. Soil & Tillage Research 
89:122–128 
Fullen, M.A., Brandsma, R.T., 1995. Property changes by erosion of loamy sand soils in east 
Shropshire. U.K. Soil Technology: 8, 1–15 
Fullen, M.A., Bhattacharyya, R., Booth, C.A., Smets, T., Poesen, J. and Black, A (2011)?Use of palm-
mat geotextiles for soil conservation: I. Effects on soil properties. Catena, 84: 99-107 
Gargouri, B., Karray, F., Mhiri, N., Aloui, F., and Sayadi, S. (2011) Application of a continuously 
stirred tank bioreactor (CSTR) for bioremediation of hydrocarbon-rich industrial wastewater effluents. 
Journal of Hazardous Materials, 189: 427–434. 
Geerdink, M.J., Kleijntjens, R.H., van Loosdrecht, M.C.M., and Luyben, K.C.A.M. (1996). Microbial 
decontamination of polluted soil in a slurry process. Journal of Environmental Engineering. 11: 975-
982. 
Gennaro, R., Cappelletti, P., Cerri, G., Gennaro, M., Dondi, M. and Langella (2004) Zeolitic tuffs as 
raw materials for lightweight aggregates. Applied Clay Science, 25: 71-81 
Ghazali, F.M., Abdulrahman, R.N.Z., Salleh, A.B and Basri, M. (2007) Biodegradation of 
hydrocarbons in soil by microbial consortium. International Biodeterioration & Biodegradation, 54: 
61-67. 
Gibson, T.L., Abdul, A.S and Chalmer, P.D., (1998). Enhancement of in situ bioremediation of 
BTEX-contaminated ground water by oxygen diffusion from silicone tubing. Ground Water Monitor 
Remediation. 18: 93–104. 
Grosser, R.J.; Warshawsky, D.; Vestal, J.R. (1991) Indigenous and enhanced mineralization of pyrene, 
benzo[a]pyrene, and carbazole in soils. Applied Environmental Microbiology. 57: 3462-3469. 
Gogoi, B.K., Dutta, N.N., Krishnamohn,T.R., (2003). “A case study of bioremediation of petroleum-
hydrocarbon contaminated soil at a crude oil spill site”. Advances in Environmental Research.,7 :767-
782. 
Gottardi, G and Galli, E. (1985) Natural Zeolites. Spinger, Berlin: 409. 
Guerin, T.F., (2000) Long-term performance of a land treatment facility for the bioremediation of non-
volatile oily wastes. Reserve Conservation Recycling. 28: 105–120. 
Gunter, M.E., Zanetti, K.A., Colella, C. and Mumpton F.A. (2000) Natural Zeolites for the Third 
Millennium, De Frede Editore, Naples: 111. 
Harayamo, S. (1997) Polycyclic aromatic hydrocarbon bioremediation design. Current Opinion in 
Biotechnology. 8:  268-273 
Hejazi, R.F. and Husain, T. (2004) Landfarm performance under arid conditions. Evaluation of 
113 
	   	  
parameters,  Environmental Science Technology. 38:  2457-2469. 
Herman, D.C., Artiola, J.F., and Miller, R.M. (1995) Removal of cadmium, lead and zinc from soil by 
a rhamnolipid biosurfactant. Environmental Science. Technology. 29: 2280–2285 
Henning, M (2004) In situ measurement of soil pH. Journal of Archaeological Science. 31: 1373-1381 
Hunkeler, D., Hohener, P., Zeyer, J., (2002) Engineered and subsequent intrinsic in situ 
bioremediation of a diesel fuel contaminated aquifer. Journal of Contamination Hydrology. 59: 231–
245. 
Ijah, U.J.J and Antai, S.P. (2003) Removal of Nigerian light crude oil over a 12-month period. 
International Biodeterioration & Biodegradation, 51:93-99. 
Iida, T. Sumita T., Ohta, A and Takagi M. (2000) The cytochrome P450ALKmultigene family of n-
alkane-assimilating yeast, Yarrowia lipolytica: cloning and characterization of genes coding for new 
CYP52 family members Yeast, 16: 1077–1087. 
Ilori, M. O., Amobi, C. J. and Odocha, A. C. (2005) Factors affecting biosurfactant production by oil 
degrading Aeromonas spp. isolated from a tropical environment, Chemosphere, 7: 985–992. 
Iwegbue, C.M.A., Egobueze, F.E. and Opuene, K. (2000) Preliminary assessment of heavy metals 
levels of soils of an oil field in the Niger Delta, Nigeria. International Journal of Enviornmental 
Science and Technology, 2: 167-172 
Jan, B.V., Beilen, M and Neuenschwunder, E. (2003). Rubredoxins involved in alkane degradation. 
The Journal of Bacteriology, 184: 1722–1732.  
Jaynes, W.F. and Vance, G.F. (1996) Soil Science. Society Amorphous  Journal, 60: 1742. 
Jorgensen, K.S., Puustinen, J., Suortti, A.M. (1995) Bioremediation of petroleum hydrocarbon-
contaminated soil by composting in biopiles. Environmental. Pollution. 107: 245–254. 
Karamalidis, A.K., Evangelou, A.C., Karabika E., Koukkou , A.I., Drainas, C., Voudrias E.A. (2010) 
Laboratory scale bioremediation of petroleum-contaminated soil by indigenous microorganisms and 
added Pseudomonas aeruginosa strain Spet Bioresource Technology, 101:6545–6552 
Kao, C.M., and Prosser, J., (2001) Evaluation of natural attenuation rate at a gasoline spill site. 
Journal Hazardous Materials. 82: 275–289. 
Kampbell, Don H., Wiedemeier, T.H., Hansen, J.E., (1996) Intrinsic bioremediation of fuel 
contamination in ground water at a field site.  Journal Hazardous Material. 49: 197–204. 
Kempton, H., Davis, A., Olsen ,R. (1992) Remediation of solvent contaminated soil by aeration 
Journal Environmental Quality, 21:121–128 
?
Kermanshahi, A.P., Karamanev, D., and Margaritis, A., (2005) Biodegradation of petroleum 
hydrocarbons in an immobilized cell airlift bioreactor. Water Research. 39: 3704 – 3714. 
Klecka, G.M., Carpenter, C.L., Gonsior, S.J., (1998) Biological transformations of 1,2-dichloroethane 
in subsurface soils and groundwater. Journal Contamination Hydrology. 34: 139–154. 
Kim, S.J., Choi, D.H., Sim, D.S. and Oh, Y.S. (2005) Evaluation of bioremediation effectiveness on 
114 
	   	  
crude oil-contaminated sand. Chemosphere 59: 845–852. 
Koma, D., Hasumi, F., Yamamoto, E., Ohta, T., Chung, S.E. and Kubo, M. (2001) Biodegradation of 
long-chain n-paraffins from waste oil of car engine by Acinetobacter sp. Journal of Bioscience and 
Bioengineering. 93: 94-96 
Korda, A., Santas, P., Tenente, A., and Santas, R., (1997) Petroleum hydrocarbon bioremediation: 
sampling and analytical techniques, in situ treatments and commercial microorganisms currently used. 
Applied Microbiology Biotechnology 48: 677–686. 
Kumar, M. Leo´n, V. De Sisto Materano, A., Ilzins, O. A. and Luis, L. (2008) Biosurfactant 
production and hydrocarbon degradation by halotolerant and thermotolerant Pseudomonas sp, World 
Journal of Microbiology and Biotechnology.7: 1047–1057.  
Kwok1, C.K. and Loh, K.C (2003) Effects of Singapore soil type on bioavailability of nutrients in soil 
bioremediation. Advances in Environmental Research, 7: 889–900. 
Landmeyer, J.E., Bradley, P.M. (2003) Effect of hydrologic and geochemical conditions on oxygen-
enhanced bioremediation in a gasoline contaminated aquifer. Bioremediation. Journal. 7: 165–177. 
Leggo, P.J., Ledesert, B and Christie, G. (2006) The role of clinoptilolite in organo-zeolitic-soil 
systems used for phytoremedation. Science of the Total Environment. 363: 1-10 
Lemic, J., Tomasevic-Canovic, M., Adamovic, M., Kovacevic, D. and  Milicevic, S.(2007) 
Competitive adsorption of polycyclic aromatic hydrocarbons on organo-zeolites. Microporous and 
Mesoporous Materials. 105: 317–323. 
Leton, T.G and Omotosho, O. (2004) Landfill operations in the Niger Delta Region of Nigeria. 
Engineering Geology, 73: 171-177. 
 Li, H.Z, Q., Boufadel, M.C., and. Venosa, A.D. (2007) A universal nutrient application strategy for the 
bioremediation of oil-polluted beaches. Marine Pollution Bulletin 54: 1146–1161. 
Liebega, E.W. and Cutrightb, T.J. (1999) The investigation of enhanced bioremediation through 
theaddition of macro and micronutrients in a PAH contaminated soil International Biodeterioration & 
Biodegradation. 44: 55-64. 
Lin, T.C., Pan, P.T. and Cheng, S.S. (2010) Ex situ bioremediation of oil-contaminated soil. Journal of 
Hazardous Materials, 176: 27-34. 
Liu, P.G., Whang, L., Yang, M and Cheng, S. (2008) Biodegradation of diesel-contaminated soil: A soil 
column study. Journal of the Chinese Institute of Chemical Engineers, 39: 419–428. 
Lin, C.W., Wub, C.H Tang, C.T., Chang, S.H. (2012) Novel oxygen-releasing immobilized cell beads 
for bioremediation of BTEX-contaminated water. Bioresource Technology, 124:  45–51. 
Liu, Y., Tang, F., Wang, Y., Zhao, J., Zeng, X., Luo, Q. and Wang, L (2009) Biodegradation of 
dimethyl phthalate, diethyl phthalate and di-n-butyl phthalate by Rhodococcus sp. L4 isolated from 
activated sludge. Journal of Hazardous Materials. 168: 938–943 
Loh, K.C. and S.S. Chua, 2002. Ortho pathway of benzoate degradation in Pseudomonas putida 
:Induction of meta pathway at high substrate concentrations. Enzyme Microbial Technology., 30: 620-
626. 
115 
	   	  
 
MacNaughton , S.J., Stephen, J.R., Venosa, A.D., Davis, G.A., Chang, Y.J., and White, D.C. (1999) 
Microbial population changes during bioremediation of an experimental oil spill. Applied 
Environmental Microbiology, 65: 3566-3574. 
Maeng, J. H. O. Sakai, Y. Tani, Y. and Kato, N. (1996) Isolation and characterization of a novel 
oxygenase that catalyzes the first step of n-alkane oxidation in Acinetobacter sp. strain M-1,”Journal 
of Bacteriology,178: 3695–3700.  
Mahmound, A.,  Aziza, Y., Abdeltif, A.  and Rachida, M. (2008) Biosurfactant production by Bacillus 
strain injected in the petroleum reservoirs. Journal of Industrial Microbiology & Biotechnology, 35: 
1303–1306. 
Margesin, R and Schinner, F. (1999) Biological decontamination of oil spills in cold environmnents. 
Journal Chemical Technology Biotechnology 74: 381-389. 
Margesin, R and Schinner, F. (2001) Biodegradation and bioremediation of hydrocarbons in extreme 
environments, Applied Microbial Biotechnology, 56: 650-663. 
Maslin, P and Maier, R.M. (2000) Rhamnolipid-enhanced mineralization of phenanthrene in organic-
metal co-contaminated soils. Bioremediation Journal, 4: 295-308 
McDonald, I. R., Miguez, C. B and Rogge, G (2006) Diversity of soluble methane monooxygenase-
containing methanotrophs isolated from polluted environments. FEMS Microbiology Letters, 255: 
225–232.  
Megharaj, M., Ramakrishnan, B ., Venkateswarlu , K., Sethunathan , N and Naidu, R. (2011) 
Bioremediation approaches for organic pollutants: A critical perspective. Environment International, 
37: 1362–1375. 
Meyers, P.A., Quinn, J.G. (1973). Association of hydrocarbons and mineral particles in saline 
solutions, Nature, 244: 23–24. 
Misaelide, P. (2011) Application of natural zeolites in environmental remediation: A short review. 
Microporous and Mesoporous, 144: 15-18. 
Mott, S.C., Groenevelt, P.H., Voroney, R.P. (1990) Biodegradation of a gas oil applied to aggregates 
of different sizes. Journal Environmental Quality 19:257–260 
Mulligan, C.N., Yong, C.N.  and Gibbs, B.F. (2004)  Removal of heavy metals from contaminated soil 
and sediments using the biosurfactant surfactin, Journal Soil Contamination. 8: 231–254. 
Mulligan, C.N. (2005) Environmental applications for biosurfactants. Environmental Pollution 133: 
183–198. 
Mumpton, F.A. (1999) La roca magica: Uses of natural zeolites in agriculture and industry. 
Proceedings National Academy of Science. 96: 3463-3470. 
Navon-Venezia, S., Banin, E., Ron, E.Z., and Rosenberg, E. (1998) The bioemulsifier alasan: role of 
protein in maintaining structure and activity. Applied Microbiology Biotechnology, 49: 382-384.  
116 
	   	  
Nelson  D.W and Sommers L.E. (1982) Total carbon, organic carbon and organic matter, 539-579 in 
A.L. Page et. al. Methods of Soil Analysis Parl2,2"d ed., Agronomy No. 9, American Society of 
Agronomy, Madison, Wl. 
 
Nester, E.W., Denise, G.A.C. Evans, R J., Nancy N.P, and Martha, T. N. (2001) Microbiology: A 
Human Perspective. 3 rd ed. New York: McGraw-Hill. 
 
Nikolopoulou,  M. and Kalogerakis, N. (2009) Biostimulation strategies for fresh and chronically 
polluted marine environments with petroleum hydrocarbons. Journal of Chemical  Technology and 
Biotechnology. 84: 802–807. 
 
Noordman, W.H., Wachter, J.H.J., de Boer, G.J and Janssen, D.B (2002) The enhancement by 
surfactants of hexadecane degradation by Pseudomonas aeruginosa varies with substrate availability. 
Journal of Biotechnology. 94: 195-212. 
Obire, O and Nwaubeta, O. (2001) Biodegradation of Refined Petroleum Hydrocarbon in Soil. Journal 
of Applied Sciences and Environmental Management, 1: 43-46. 
Olorunfemi, B.N (1987) Mineralogical and physio-chemical properties of Niger Delta soils in relation 
with geotechnical problems. Journal of African Earth Sciences. 3: 259-266. 
Ojumu, T.V., Yu, J and Solomon, B.O. (2004) Production of Polyhydroxyalkanoates, a bacterial 
biodegradable polymer African Journal of Biotechnology, 3:18-24. 
Okoh, A.I .(2006) Biodegradation alternative in the cleanup of petroleum hydrocarbon pollutants. 
Biotechnology and Molecular Biology Review. 2: 38-50. 
Okop, I.J and Ekpo, S.C (2012) Determination of Total Hydrocarbon Content in soil after Petroleum 
spillage. World Congress on Engineering, 3, pp. 1-6 
Oste, L.A., Lexmond, T.M., Van Riemsdijk, W.H., (2002). Metal immobilization in soils using 
synthetic zeolites. Journal of Environmental Quality, 31: 813–821. 
Owens, E.H., Lee, K. (2003) Interaction of oil and mineral fines on shorelines: review and assessment. 
Marine Pollution Bulletin 47: 397–405. 
Paton, G.I., Killham, K., Weitz, H.J., Semple, K.T. (2005) Biological tools for the assessment of 
contaminated land: Applied soil ecotoxicology 21: 487-499. 
Perfumo, A., Banat, I. M., Marchant, R. and Vezzulli, L. (2007) Thermally enhanced approaches for 
remediation of hydrocarbon-contaminated soils. Chemosphere, 66: 179-184. 
Philip, J., Atlas, R.M (2005) Bioremediation of contaminated soils and aquifers. In Bioremediation- 
Applied Microbial Solution for Real-World Environmental Cleanup. Philip, J., Atlas, R.M. (Eds), 
ASM Press, Washington, D.C 
Phillips, D.H., Sinnathamby, G., Russell, M.I, Anderson, C., Paksy, A (2011) Mineralogy of selected 
geological deposit from the United Kingdom and the Republic of Ireland as possible capping material 
for low-level radioactive waste disposal facilities. Applied Clay Science, 53: 395-401 
Providenti, M.A., Flemming, C.A., Lee, H., and Trevors, J.T. (1995). Effect of addition of 
rhamnolipid biosurfactants or rhamnolipid-producing Pseudomonas aeruginosaon phenanthrene 
mineralization in soil slurries. FEMS Microbiol. Ecol. 17: 15–26. 
117 
	   	  
Radwan, S.S., Al-Mailem, D., El-Nemr, I and Salamah, S.(2000) Enhanced remediation of 
hydrocarbon contaminated desert soil fertilized with organic carbons. International Biodeterioration 
& Biodegradation .46: 129–132. 
Radwan, S.S., Sorkhoh, N.A., Fardoun, F., Al-Hasan, R.H., (1995). Soil management enhancing 
hydrocarbon biodegradation in the polluted Kuwaiti desert. Applied Microbiology and Biotechnology 
44: 265– 270. 
Reid, B.J., Jones, K.C., and Semple, K.T. (2000) Bioavailability of persistent organic pollutants in 
soils and sediments — a perspective on mechanisms, consequences and assessment. Environmental 
Pollution, 108 :103–112 
?
Rhykerd, R.L., Crews, B., McInnes, K.J., and Weaver, R.W. (1999). Impact of bulking agents, forced 
aeration, and tillage on remediation of oil contaminated soil. Bioresource Technology. 67: 279–285. 
Rahman, K.S.M., Thahira-Rahman, J., Lakshmanaperumalsamy, P., Banat, I.M. (2002) Towards 
efficient crude oil degradation by a mixed bacterial consortium. BioresourceTechnology 85: 257-261. 
Reinhard, M., Hopkins, G.D., Steinle-Darling, E., LeBron, C.A.,(2005) . In situ biotransformation of 
BTEX compounds under methanogenic conditions. Ground Water Monitor Removal. 25: 50–59. 
Roanling, W.F.M., Verseveld, H.W.V. (2002) Natural attenuation: what does the subsurface have in 
store? Biodegradation 13: 53–64. 
Sandrin, T.R. , Chech , A.M.,  and Maier, R.M. (2000) A rhamnolipid biosurfactant reduces cadmium 
toxicity during naphthalene biodegradation. Applied Environmental Microbiology, 66: 4585–4588. 
Sayara, T.,  Sarra, M and Sanchez, A. (2010). Effects of compost stability and contaminant 
concentration on the bioremediation of PAHs-contaminated soil through composting. Journal of 
Hazardous Materials,179: 999–1006. 
Scherr, K., Aichberger, H., Braun, R. and Loibner, A.P. (2007) Influence of soil fractions on microbial 
degradation behavior of mineral hydrocarbon. European Journal of Soil Biology, 43: 341-350. 
Schreiber, M.E and Bahr, J.M. (2002). Nitrate-enhanced bioremediation of BTEX-contaminated 
groundwater: parameter estimation from natural-gradient tracer experiments. Journal of 
Contamination & Hydrology. 55: 29–56. 
Schulze, S., Tiehm, A. (2004) Assessment of microbial natural attenuation in groundwater polluted 
with gasworks residues. Water Science Technology 50: 347–353. 
Schwartz, E., and K.M.Scow. (2001) Repeated inoculation as a strategy for the remediation of low 
concentrations of phenanthrene in soil. Biodegradation 3: 201-207 
Stemple, K.T., Morriss, W.J., and Paton, G.I (2003) Bioavailability of hydrophobic organic 
contaminants in soils: fundamental concepts and techniques for analysis. European Journal of Soil 
Biology, 54: 809-818. 
Seu, J., Keum, Y and Li, Q.X. (2009) Bacterial degradation of Aromatic Compounds. International 
Journal Environment Resources and Public Health. 6: 278-307. 
Sharma, S.L and Pant, A (2001) Crude oil degradation by marine actinomycete Rhodococcus s p. 
Indian Journal of Marine Sciences.30: 146-150. 
118 
	   	  
Sharmasarkar, S., Jaynes, W.F., and Vance, G.F. (2000) Water Air. Soil Pollution. 119: 257. 
Si-Zhong, Y., Hui-Jun, J., Zhi, W., Rui-Xia, H., Yan-Jun, J., Xiu-Mei, L and Shao-Peng, Y. (2009) 
Bioremediation of Oil Spills in Cold Environments: A Review. Pedosphere, 3: 371-381. 
Sojinu, O.S.S., Wang, J., Sonibare, O.O., and Zang, E.Y. (2010) Polycyclic aromatic hydrocarbons in 
sediments and soil from oil exploration areas of the Niger Delta, Nigeria. Journal of Hazardous 
Materials, 174: 641-647. 
Song, L., Sun, Z., Duan, L., Gui, J., and McDougall, G.S. (2007) Adsorption and diffusion properties 
of hydrocarbons in zeolites. Microporous and Mesoporous Materials. 104:115–128. 
Sorkhoh, N.A., Al-Hasan, R., Radwan, S., Hopner, Th., (1992). Self-cleaning of the Gulf. Nature 
(London) 359: 109. 
Springael, D., Diels, L., Hooyberghs,  L., Kreps, S., and Mergeay, M. (1993) Construction and 
characterization of heavy metal-resistant haloaromatic-degrading Alcaligenes eutrophus strains. 
Applied Environmental Microbiology. 59: 334–349. 
Stotzky, G., Rem, L.T. (1966). Influence of clay minerals on microorganisms. I.Montmorillonite and 
kaolinite on bacteria. Canadian. Journal Microbiology. 12: 547–563. 
Sublette, K., Peacock, A., White, D., Davis, G., Ogles, D., Cook, D., Kolhatkar, R., Beckmann, D., 
Yang, X. (2006). Monitoring subsurface microbial ecology in a sulfate-amended, gasoline-
contaminated aquifer. Ground Water Monitor Remediation, 26: 70–78. 
Sun, J.Q., Xu, L., Tang, Y.Q., Chen, F.M and Wu, X.L (2012) Simultaneous degradation of phenol 
and n-hexadecane by Acinetobacter strains. Bioresource Technology.32: 40-57. 
Swannell, R.P.J., Lee, K and McDonagh, M., (1996) Field evaluations of marine oil spill 
bioremediation. Microbiological Reviews, 60: 342-365. 
Tabatabaee, A., Assadi, M.M., Noohi, A. A and Sajadian, V.A. (2005) Isolation of biosurfactant 
producing bacteria from oil reservoirs. Iranian Journal of Environmental Health Science & 
Engineering, 2: 6–12. 
Talley, J. Ghosh U., Tucker, S., Furey, J. and Luthy, R. (2002) Particle-scale understanding of the 
bioavailability of PAHs in sediment, Environmental. Science. Technology. 36: 477- 483. 
Tan, H. Champion, J.T. Artiola, J.F. Brusseau, M.L. and Miller, R.M. (1994) Complexation of 
cadmium by a rhamnolipid biosurfactant. Environmental Science Technology.  28: 2402–2406. 
Taylor, W.H. and Juni, E. (1961) Pathways for biosynthesis of a bacterial capsular polysaccharide. I. 
Characterization of the organism and polysaccharide. Journal Bacteriology, 81: 688-693. 
Terry, J.T (2014) Hyodrocarbon biodegradation in intertidal wetland sediments. Energy 
biotechnology. Environmental biotechnology,?27: 46 – 54 
Thomas, J.M., Ward, C.H., Raymond, R.L., Wilson, J.T., Loehr, R.C. (1992) Bioremediation. 
Encyclopedia of Microbiology. 1:369-385 
Toren, A., Navon-Venezia, S., Ron, E.Z. and Rosenberg, E. (2001) Emulsifying activities of purified 
Alasan proteins from Acinetobacter radioresistens KA53. Applied Environ Microbiology, 67: 1102-
119 
	   	  
1106. 
Trindade, P.V.O., Sobral, L.G., Rizzo, A.C.L., Leite, S.G.F., Soriano, A.U. (2005) Bioremediation of 
a weathered and a recently oil-contaminated soils from Brazil: a comparison study. Chemosphere 5: 
515-522. 
United States Environmental Protection Agency (USEPA). Bioventing (2006). 
Van Beilen, J. B., Funhoff, E. G. Van Loon, A. (2006) Cytochrome P450 alkane hydroxylases of the 
CYP153 family are common in alkane-degrading eubacteria lacking integral membrane alkane 
hydroxylases,” Applied and Environmental Microbiology, 72: 59–65.  
Van Hamme, J.D., Singh, Aand Ward, O.P. (2003). Recent advances in petroleum microbiology. 
Microbial Molecular Biology Review. 67: 503-549. 
Vasudevan, N and Rajaram, P (2001) Bioremediation of oil sludge-contaminated soil. Environment 
International. 26: 409-411. 
Virkutyte, J., Sillanpaa, M., Latostenmaa, P. (2002) Electrokinetic soil remedation- critical overview. 
Science Total Environment. 289: 97-121. 
Vogt, C., GoaNdeke, S., Treutler, H.C., Wei, H., Schirmer, M., Richnow, H.H. (2007) Benzene 
oxidation under sulfate-reducing conditions in columns simulating in situ conditions. Biodegradation, 
18: 625–636. 
Walworth, J., Andrew P., Ian., John, R., Susan F and Paul H. (2005) “Fine Tuning Soil Nitrogen to 
Maximize Petroleum Bioremediation.” ARCSACC: 251-257. 
Wang, S., and Peng, Y(2010) Natural zeolites as effective adsorbents in water and wastewater 
treatment. Chemical Engineering Journa.l 156: 11–24. 
Wang, X. and Bartha, R., (1990) Effects of bioremediation on residues, activity and toxicity in soil 
contaminated by fuel spills. Soil Biology and Biochemistry. 22: 501-505. 
Wefer-Roehl, A., Czurda, K.A., Kodama, H., Mermutand, A.R., and Torrance, J.K. (1997) Clays Our 
Future. Proc. Inter. Clay Conference.11, ICC97 Organizing Committee, Ottawa:  123. 
Weiner, J.M., Lauck, T.S., and Lovley, D.R. (1998). Enhanced anaerobicbenzene degradation with the 
addition of sulfate. Journal of Bioremediation 2: 159–173 
Westlake, D.W.S (1982). Microorganisms and the degradation of oil under northern marine 
conditions. In: Oils and dispersants in Canadian seas – research appraisal and recommendations. 
Publication EPS-3-EC-82-2. Environmental Protection Service Canada, Sprague JB, Vandermeulen 
JH, Wells PG (editors), Ottawa, Canada, pp. 47-50. 
 
 
Whyte, L.G., Bourbonniere, L Bellerose, C. and Greer, C.W (1999) Bioremediation assessment of 
hydrocarbon-contaminated soils from the High Arctic. Bioremediation Journal 3: 69-79 
Wolicka, D., Suszek, A., Borkowski, A. and Bielecka, A. (2009) Application of aerobic 
microorganisms in bioremediation in situ of soil contaminated by petroleum products. Bioresources 
Technology, 100: 3221-3227. 
120 
	   	  
Xamena, F.X.L.I., Calza, P., Lamberti, C., Prestipino, C., Damin,A., Bordiga, S., Pelizzetti, E., 
Zecchina, A. (2003). Enhancement of the ETS-10 titanosilicate activity in the shape-selective 
photocatalytic degradation of large aromatic molecules by controlled defect production. Journal of the 
American Chemical Society, 125: 2264–2271. 
Yang, X., Beckmann, D., Fiorenza, S., Niedermeier, C. (2005) Field study of pulsed air sparging for 
remediation of petroleum hydrocarbon contaminated soil and groundwater. Environmental Science 
Technology. 39: 7279–7286. 
Youssef, N. Simpson, D. R.Duncan, K. E (2007) In situ biosurfactant production by Bacillus strains 
injected into a limestone petroleum reservoir. Applied and Environmental Microbiology, 4: 1239–
1247. 
Zucchi, M., Angiolini, L. Borin, S., Brusetti, L., Dietrich, N., Gigliotti, C.,Barbieri, P., Sorlini,  C., and 
Daffonchio, D (2003) Response of bacterial community during bioremediation of an oil-polluted soil. 
Journal of Applied Microbiology. 94: 248–257. 
 
